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ABSTRACT  
   
Layer structured two dimensional (2D) semiconductors have gained much interest 
due to their intriguing optical and electronic properties induced by the unique van der 
Waals bonding between layers. The extraordinary success for graphene and transition 
metal dichalcogenides (TMDCs) has triggered a constant search for novel 2D 
semiconductors beyond them. Gallium chalcogenides, belonging to the group III-VI 
compounds, are a new class of 2D semiconductors that carry a variety of interesting 
properties including wide spectrum coverage of their bandgaps and thus are promising 
candidates for next generation electronic and optoelectronic devices. Pushing these 
materials toward applications requires more controllable synthesis methods and facile 
routes for engineering their properties on demand. 
In this dissertation, vapor phase transport is used to synthesize layer structured 
gallium chalcogenide nanomaterials with highly controlled structure, morphology and 
properties, with particular emphasis on GaSe, GaTe and GaSeTe alloys. Multiple routes 
are used to manipulate the physical properties of these materials including strain 
engineering, defect engineering and phase engineering. First, 2D GaSe with controlled 
morphologies is synthesized on Si(111) substrates and the bandgap is significantly 
reduced from 2 eV to 1.7 eV due to lateral tensile strain. By applying vertical 
compressive strain using a diamond anvil cell, the band gap can be further reduced to 1.4 
eV. Next, pseudo-1D GaTe nanomaterials with a monoclinic structure are synthesized on 
various substrates. The product exhibits highly anisotropic atomic structure and 
properties characterized by high-resolution transmission electron microscopy and angle 
resolved Raman and photoluminescence (PL) spectroscopy. Multiple sharp PL emissions 
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below the bandgap are found due to defects localized at the edges and grain boundaries. 
Finally, layer structured GaSe1-xTex alloys across the full composition range are 
synthesized on GaAs(111) substrates. Results show that GaAs(111) substrate plays an 
essential role in stabilizing the metastable single-phase alloys within the miscibility gaps. 
A hexagonal to monoclinic phase crossover is observed as the Te content increases. The 
phase crossover features coexistence of both phases and isotropic to anisotropic structural 
transition. 
Overall, this work provides insights into the controlled synthesis of gallium 
chalcogenides and opens up new opportunities towards optoelectronic applications that 
require tunable material properties. 
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CHAPTER 1   INTRODUCTION TO LAYER STRUCTURED GALLIUM 
CHALCOGENIDES 
1.1 Introduction to Layer Structured Two Dimensional (2D) Semiconductors 
The discovery of graphene1 has led to a rapid development of 2D layered materials 
that now include hexagonal boron nitride (hBN)2, transition metal dichalcogenides 
(TMDCs)3, mono-elemental 2D semiconductors such as phosphorene4, 5, 6, and post 
transition metal chalcogenides (PTMCs)7, 8, 9, 10. These materials possess a layered 
structure with strong in-plane covalent bonds and weak van der Waals (vdW) interaction 
between the layers. This unique layered structure makes it possible to thin down these 
materials to a few atomic layers and even monolayer, which can exhibit significantly 
different properties compared to their bulk counterparts. For example, graphene has 
demonstrated a high electron mobility of 250,000 cm2/Vs at room temperature11, an 
exceptional thermal conductivity of 5000 W/mK12 and a high Young’s modulus of 1 
TPa13. MoS2, as a representative TMDC, goes through a transition from indirect bandgap 
to direct bandgap from bulk to monolayer, and exhibit a high exciton binding energy of 
300 meV in the monolayer form14, 15, 16. 
Most of the 2D materials possess a hexagonal crystal structure that is isotropic in the 
plane formed by a and b axis but highly anisotropic in the out-of-plane c axis. Examples 
include graphene, hBN, GaSe and TMDCs in the hexagonal phase. As a result, the in-
plane light-matter interaction is isotropic and independent to the polarization angle of the 
incoming light. Apart fro43m the isotropic hexagonal phase, some 2D materials can also 
form orthorhombic phase (black phosphorous)17, 18, triclinic phase (ReS2)19, 20, 21, 22 and 
monoclinic phase (GaTe)23, 24, 25. In these structures, instead of forming in-plane 3-fold 
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symmetry hexagonal rings, the atoms are arranged in a distorted pattern and form chains 
along a certain axis. The interatomic distance within the chains is significantly different 
from that between the chains. Such chain structure leads to a highly in-plane anisotropy 
of the electron wave function and give rise to anisotropic electrical and optical properties. 
For example, in black phosphorous (BP) each P atom is connected to 3 other P atoms to 
form a stable ring structure just like in graphene. But the rings are puckered so it has a 
reduced symmetry compared to graphene and a clear chain structure is formed along the 
b axis. This gives BP a unique angle dependent electrical and thermal conductivity26. 
Another example is ReS2, a member of TMDCs with an optical bandgap around 1.4 eV 
(bulk) and 1.6 eV (monolayer)20. In comparison to the isotropic group-VIB TMDCs such 
as MoS2 and WSe2, the rhenium atom in ReS2 has an extra electron that is shared 
between two neighboring rhenium atoms. Thus, highly oriented Re-Re chains are formed 
along the b-axis lattice direction due to strong interaction and dimerization between the 
adjacent Re atoms. The anisotropic crystal structure gives ReS2 unique applications in 
direction sensitive field effect transistors and polarization dependent photodetectors27, 28, 
29. 
1.2 Gallium Chalcogenides and Their Emerging Properties 
Gallium chalcogenides belong to the PTMC category that mainly includes the 
following stoichiometric compositions: MX and M2X3 (M=In, Ga, Sn and X=S, Se, Te). 
Among these compounds, monochalcogenides, i.e. MX, have emerged as novel 2D 
semiconducting materials and shown their potentials in next generation optoelectronic 
applications30. This dissertation focuses on layer structured gallium mono-chalcogenides 
(GaX) including GaSe, GaTe and their alloys such as GaSeTe. 
3 
1.2.1 Crystal and Electronic Structure 
 
Figure 1.1 (a) Side and top view of the crystal structure of hexagonal GaX such as GaS and GaSe. 
(b) Side and top view of the crystal structure of monoclinic GaTe. 
The atoms in GaX layers are generally arranged in such a way that two Ga atoms are 
sandwiched between two chalcogen atoms to form the “X-Ga-Ga-X” structure (Figure 
1.1a), compared to the “X-M-X” assembly of group-VI TMDCs. Each Ga atom is bonded 
with another Ga atom and 3 X atoms, and each X atom is bonded with 3 Ga atoms. While 
the atomic arrangement in a single layer is fixed, GaX can form a wide variety of 
polytypes based on the stacking sequence of the layers31. GaS has a hexagonal structure 
with the lattice constants a=3.587 Å and c=15.492 Å. It favors the  polytype and a 
space group of P6തm2. GaSe has the same atomic arrangement within a monolayer, but 
exhibit more polytypes due to various stacking orders. The most common phases are - 
and -GaSe32. The  phase has an inversion center between the layers due to the stacking 
mode and belongs to the space group of D6h4 . The  phase is not centrosymmetric and 
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belongs to the space group D3h1 . Both  and  phases have the same lattice constants of 
a=3.75 Å and c=15.94 Å, with the monolayer thickness of 0.8 nm. 
An anomaly in the GaX family, in terms of crystal structure, is GaTe. It exists in two 
phases: hexagonal and monoclinic, and the monoclinic phase is found to be more stable 
(Figure 1.1b)33. It belongs to the space group C2/m with lattice constants of a=17.32 Å, 
b=4.05 Å and c=10.54 Å. In the monoclinic phase, every third of the Ga-Ga bonds is 
twisted toward the in-plane direction and the bonding length is different from those 
pointing out of plane. Similar to black phosphorous and ReS2, the distorted bonding 
structure results in the formation of atomic chains along the <010> direction and gives 
rise to the anisotropic behavior in light-matter interaction25, 34, 35.  
 
Figure 1.2 (a) The electronic band structure of bulk GaSe, calculated using a DFT-LDA method. 
(b) The electronic band structure of monolayer GaSe, calculated using a DFT-LDA method. 
(Figure taken from Ref. 36 © 2011 American Physical Society) 
The unique crystal structure of GaX leads to distinctive electronic band structure 
compared to other 2D systems such as TMDCs. The bandgap of bulk GaX spans a wide 
range from 1.66 eV (GaTe) to 2.55 eV (GaS). Bulk GaSe has an indirect band gap of 
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about 2.0 eV and a direct band gap of only about 25 meV higher37. Since the indirect 
band gap and direct band gap are very close to each other, electrons can easily jump 
between the two levels with the help of a small amount of thermal energy. As a result, 
bulk GaSe behaves like a direct band gap semiconductor at room temperature and is 
highly luminescent. 2D GaSe shows a tunable band gap as a function of the number of 
layers. As the layer number reduces, the valence band maximum (VBM) at  point splits 
symmetrically and form an “M” shaped pattern, whereas the conduction band minimum 
(CBM) stays at  point. This band renormalization leads to a direct-to-indirect band gap 
transition from bulk to monolayer GaSe (Figure 1.2b)36. Various routes including both 
theoretical and experimental have been taken to acquire the band gap of monolayer GaSe. 
Rybkovskiy et al. carried out density functional theory (DFT) calculations using local 
density approximation (LDA) and reported the band gap value of and 1.21 eV for bulk 
GaSe (Figure 1.2a) and 2.60 eV for monolayer (Figure 1.2b)36. LDA is known to 
underestimate the band gap value since it overestimates the lattice constant. Using GW 
approximation, the band gap of 3.89 eV was obtained for monolayer GaSe and 2.34 eV 
for bulk36. Lei et al. reported an indirect band gap of 3.3 eV according to the photocurrent 
measurements for 2D GaSe layers38. Jung et al. reported the same value according to the 
cathodoluminescence (CL) measurements for monolayer GaSe39. Similar direct to 
indirect band gap transition happens for other PTMCs such as InSe and GaTe. The band 
gap for few layered InSe and GaTe was found to be 1.45 eV and 1.7 eV respectively 
based on DFT calculations40, 41, 42. 
1.2.2 Synthesis Methods 
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The synthesis methods of 2D GaX can be generally divided into two categories: 
bottom-up and top-down. The top-down approach generates 2D GaX sheets by 
exfoliation from bulk crystals. Commonly used methods include mechanical cleavage by 
scotch tape43, liquid and chemical exfoliation44, ion intercalation45 and ultrasonication46. 
The scotch tape method (Figure. 1.3a) is the most widely used method to prepare 2D 
GaX since its successful application in graphene and TMDCs. A piece of GaX crystal is 
first adhered to the sticky scotch tape, then the tape is folded and unfolded for several 
times to reduce the thickness of the crystal. After that, the tape is brought into contact 
with a certain substrate. After the tape is cleaved from the substrate, the GaX flakes are 
left on the surface of the substrate. The sample is then brought to an optical microscope 
for observation. For a better optical contrast of monolayers, Si wafers with 285 nm SiO2 
are often used as the substrate, where the 2D layers appear in blue color (Figure. 1.3b)9. 
Despite the simplicity of this method and the high quality single crystalline flakes that 
can be obtained, it is hard to produce large scale 2D flakes with uniform thickness. To 
improve the scalability and uniformity of the 2D flakes, other top-down methods have 
been developed, such as liquid exfoliation and electrochemical exfoliation. These 
methods were mostly reported on graphene, black phosphorous and TMDCs, but not on 
GaX. 
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Figure 1.3 (a) The mechanical exfoliation method using a scotch tape. (b) Optical image of few 
layered GaSe on Si/SiO2 prepared by mechanical exfoliation. (Figure taken from Ref. 9 © 2012 
John Wiley and Sons) (c) Vapor phase transport method for synthesizing 2D GaSe. (d) 2D GaSe 
flake synthesized by vapor phase transport. (Figure taken from Ref. 38 © 2013 American 
Chemical Society) 
The synthesis of large area and uniform 2D flakes is crucial for their applications. To 
accomplish this, vapor phase transport (VPT) method has been established as a bottom-
up approach. Lei et al. first reported the VPT synthesis of large area atomically thin GaSe 
flakes on SiO2/Si38. In this method, GaSe source powders and substrates with GaSe 
particles as seeds were placed in opposite ends of a sealed quartz tube (Figure 1.3c). The 
tube was in vacuum condition with 10-3 Torr Ar to avoid oxidization of GaSe. During the 
growth process, the source and substrates were kept at 750 oC and 720 oC respectively for 
20 min, followed by rapid cooling to room temperature. After the growth, atomically thin 
GaSe flakes with thickness down to 2 nm were obtained (Figure 1.3d). The flakes form in 
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triangle, truncated triangle and hexagonal shapes which can be controlled by the 
concentration of the source, as well as the distance between the source and nucleation 
site. A modified VPT method has been used by Zhou et al. and Li et al. to grow 2D GaSe 
on various substrates such as mica and graphene47, 48. In this method, GaSe and Ga2Se3 
powders were mixed at molar ratio of 50:1 and placed at the hot zone (750 oC) in a tube 
furnace to serve as the source. Ar was used as the transport gas and the substrate was 
placed downstream at 720 oC. Single and few layered GaSe flakes with triangle shapes 
were synthesized on flexible and transparent mica substrates. Despite the large 35% 
lattice mismatch between GaSe and mica, the GaSe triangles show identical orientations 
and terrace structures, which is a sign of epitaxial growth mechanism. The growth on 
graphene showed similar epitaxial nature except that the GaSe epilayers form irregular 
shapes and different lattice orientation from the graphene layers. Generally, a rotation 
angle of 10.5 ± 0.3 degrees was observed in the prepared GaSe epilayers.  
Using a similar approach, GaTe nanosheets with planar alignments have been grown 
on flexible mica substrates, which follow a van der Waals epitaxial growth mechanism by 
taking advantage of the chemically inert surface of mica49. On one hand, the chemically 
inert mica surface enables the lateral epitaxial growth of GaTe nanosheets without strict 
lattice matching. On the other hand, weak van der Waals interactions between the mica 
substrate and GaTe adatoms facilitate the lateral migration of the GaTe adatoms, and thus 
promote the lateral growth of the GaTe nanosheets. 
1.2.3 Characterization, Properties and Applications 
Various techniques are employed to characterize 2D materials such as optical 
microscopy, Raman spectroscopy, Photoluminescence (PL) spectroscopy, scanning 
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electron microscopy (SEM), atomic force microscopy (AFM) and high-resolution 
transmission electron microscopy (HRTEM). Raman spectroscopy is the most widely 
used method to characterize the crystal structure and vibrational properties of 2D 
materials. For bulk GaSe, there are 12 vibrational modes, including 8 in-plane modes of 
E’ and E” and 4 out-of-plane modes of A1’ and A2”. All Raman modes are active except 
A2”7, 38, 50. The schematics of each active vibration mode and the typical Raman spectra 
for GaSe with different thickness is depicted in Figure 1.451. The intensity decreases 
dramatically and even tends to vanish when the thickness approaches 1-2 layers.  
 
Figure 1.4 (a) Schematics of the Raman modes of GaSe. The colored arrows designate the 
vibrational directions of selenium atoms (orange) and gallium (green) atoms. (b) Raman spectra 
of GaSe with different layer numbers. (c). Zoom-in of the A1g peak of GaSe. (Figure taken from 
Ref. 51 © 2016 Scrivener Publishing LLC) 
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The vibrational properties for GaTe is much more complicated not only because it 
has more active modes (Figure 1.5a and Figure 1.5b), but also it shows anisotropic nature 
due to the chain structure in the monoclinic phase. Angle resolved Raman spectroscopy 
has been used to study the anisotropic behavior of GaTe prepared by mechanical 
exfoliation25. The Ag mode at 115 cm-1 shows relatively stronger anisotropy with a period 
of 180° and with maximum intensities along the x-axis (Figure 1.5c). On the other hand, 
the mode around 161 cm-1 shows a 4-fold anisotropy with a period of 90°, and the 
maximum intensities along 45°and 135° (Figure 1.5d).  
 
Figure 1.5 (a) Raman spectrum of GaTe calculated by density functional perturbation theory 
(DFPT). (b) Experimental Raman spectrum of a bulk GaTe single crystal. (c) The Raman 
intensity vs polarization angle for the Ag mode (115 cm-1). (d) The Raman intensity vs 
polarization angle for the Bg mode (161 cm-1). (Figure taken from Ref. 25 © 2016 American 
Chemical Society) 
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PL spectroscopy is used to characterize the band gap and optical properties of 
PTMCs. Two-dimensional GaSe flakes show a thickness dependent PL spectra, 
suggesting the thickness dependence of the band gap10. The PL intensity of 2D GaSe 
declines as thickness reduces to monolayer due to the direct to indirect band gap 
transition. The PL peak also blue shifts by about 20 meV from bulk to bilayer due to the 
opening of the band gap. Unlike 2D GaSe whose optical properties have attracted much 
attention, the studies on GaTe still stays at its bulk form and no thickness dependent PL 
has been reported.  
1.3 Motivation and Significance of This Work 
Owing to their indirect bandgap within the visible light range in the 2D form, 
gallium chalcogenides have potential applications in solar cells and photodetectors where 
electron-hole pairs need to be separated efficiently. The VBM and CBM positions of 2D 
GaX is also predicted to be suitable for photocatalysis of water splitting52. In order to 
realize these applications, there is a demand to engineer their band gap and optical 
properties as we need. For example, applications such as solar cells and photocatalysis 
require the material to have a wide spectrum response to sunlight for maximum 
absorption, which can be achieved by bandgap engineering. In this dissertation, multiple 
methods including strain engineering and alloying are demonstrated to obtain wide 
bandgap tuning range in gallium chalcogenides.  
Applying strain is one of the methods to induce band gap tuning in 2D 
semiconductors and has been thoroughly studied on exfoliated TMDCs. Castellanos-
Gomez et al. created wrinkled MoS2 on an elastomeric substrate to study the local strain 
effect on the band structure using PL measurements53. A strain-induced reduction of the 
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direct band gap and funneling of photo generated excitons toward regions of higher strain 
has been observed. Similar method was also used on GaSe to manipulate its optical 
properties. Strained 2D GaSe was found to emit photons at almost the same wavelength 
as unstrained material but appears an order of magnitude brighter54. Despite the 
promising results of strain engineering, this method has been mostly studied on exfoliated 
samples and the strain usually comes from an external force. As a result, the band gap 
tuning effect was quite limited due to the small amount of strain that can be applied. Thus 
it is necessary to find a way to synthesize naturally strained GaX with higher amount of 
band gap tuning. Moreover, most of the previous studies used lateral strain along the in-
plane direction. The effect of vertical strain on the band structure of 2D GaX still needs 
to be further studied. In this work, a method of applying strain in both lateral and vertical 
directions simultaneously is demonstrated to successfully reduce the bandgap of GaSe 
from 2.0 eV to 1.4 eV, which is so far the largest bandgap tuning range reported on GaSe. 
The result opens up opportunities for applying GaSe as a wide spectrum light absorbing 
material in solar cells and photocatalysis. 
Another widely used method for band gap engineering is alloying. GaTexSe1-x alloys 
have been successfully synthesized by molecular beam epitaxy (MBE) on Si substrates 
and a composition-dependent phonon vibration frequency has been observed across the 
full compositional range55. GaS1-xSex nanobelts synthesized by chemical vapor transport 
also exhibited compositional dependent photoluminescence at 490−620 nm56. However, 
the materials demonstrated in these works are all in the bulk form. Synthesis of 2D GaX 
alloys still remains as a big challenge. Moreover, since GaTe exists in monoclinic phase 
while GaSe is in hexagonal phase, there exists huge miscibility gaps in the GaSe-GaTe 
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phase diagram, making it difficult to synthesize full composition alloy and reach a wide 
bandgap tuning range. In this dissertation, I present a method to close the miscibility gap 
in the GaSe-GaTe system and form full composition GaSeTe alloys. The alloys show a 
monoclinic to hexagonal phase transition and crossover, which is observed for the first 
time in any 2D alloy systems. This method widens the bandgap tuning range significantly 
compared to other 2D alloys without such phase crossover behavior. The similar 
formation energies for different phases in the phase crossover region also makes GaSeTe 
alloy a potential phase change material with possible applications in memory devices. 
Defect engineering in 2D materials has induced novel properties such as quantum 
dot like single photon emission in 2D TMDCs57, 58, 59, 60. Similar findings were also made 
in exfoliated GaSe with localized excitons trapped by local strain field61. Unlike the 
thorough studies carried out on 2D TMDCs, a very limited number of work has been 
done on the effect of defects on the luminescence properties of GaX, leaving this field 
quite unexplored. In this work, I report novel photoluminescence lines induced by various 
types of defects existing in GaTe that have not been observed before. The emission peaks 
have distinguished features in peak width, power dependent and temperature dependent 
behaviors, originating from the type of related defects. This finding deepens our 
understanding on the defect states in GaTe and provides opportunities for tuning the 
optical properties of GaTe through defect engineering. 
Following the above discussion, this thesis will focus on (i). Strain induced band gap 
engineering in VPT synthesized GaSe; (ii). Defect induced band structure tuning and 
anisotropic optical properties of VPT synthesized GaTe and (iii). Band gap tuning by 
phase engineering in VPT synthesized GaSeTe alloys. 
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CHAPTER 2   SYNTHESIS AND PHYSICAL PROPERTIES ENGINEERING IN 
2D MATERIALS 
This chapter describes the methods being used in this dissertation for synthesis, 
characterization and physical properties engineering in 2D materials. In this work, I 
designed and carried out the vapor phase transport (VPT) synthesis process for 2D GaSe, 
GaTe and GaSeTe alloys. I carried out room temperature PL and Raman measurements to 
study their optical and lattice vibrational properties. Low temperature PL and reflectance 
measurements were performed by Prof. Bernhard Urbaszek’s group. I performed 
scanning electron microscopy (SEM), electron dispersion spectroscopy (EDS) and atomic 
force microscopy (AFM) measurements to study the morphology, composition and 
thickness of the GaTe and GaSeTe samples. Composition of 2D GaSe was measured by 
our collaborator Dr. Changhyun Ko using EDS and Auger electron spectroscopy (AES). 
Transmission electron microscopy (TEM) and selected area electron diffraction (SAED) 
experiments were performed by Bin Chen in our group. High-angle annular dark-field 
imaging (HAADF) on the NION UltraSTEM100 scanning transmission electron 
microscope (STEM) was conducted by our collaborator Dr. Toshihiro Aoki. Band 
structure calculations for GaSe under strain were performed by Prof. Jeffrey Grossman’s 
group. Formation energies of GaSeTe alloys were calculated by Prof. Houlong Zhuang’s 
group. 
2.1 Principles of Synthesis Methods for 2D Materials 
2.1.1 Mechanical Exfoliation 
The popular “scotch tape” method is used to prepare mechanically exfoliated 2D 
GaX flakes on various substrates including Si with 285 nm SiO2, sapphire, Si and GaAs. 
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Prior to exfoliation, the sapphire or 285 nm SiO2/Si substrate is treated by oxygen plasma 
for 2 minutes to remove the surface contaminants. During exfoliation, a small piece of 
bulk GaX single crystal is placed on the sticky side of a scotch tape, which is then 
brought into contact with another piece of scotch tape. Upon cleaving the two pieces of 
tapes, the crystal breaks into thinner pieces. The process was repeated 4 to 6 times until 
the crystal appears thin enough. Finally, the scotch tape is pressed onto a desired 
substrate and then peeled off, leaving the 2D flakes on the substrate surface.  
2.1.2 Vapor Phase Transport 
Vapor phase transport (VPT) of GaX is carried out in a tube furnace where the 
source material is located in the center of the furnace with a higher temperature and the 
substrates are located downstream with a lower temperature. A carrier gas such as Ar is 
passed into the tube to facilitate the transport of the evaporated precursors.  
The VPT process can be divided into three steps: (1) evaporation of the precursor; 
(2) transport of the reactants and (3) deposition of the product. The boundary layer theory 
is used to understand the transport process and growth kinetics in VPT. As depicted in 
Figure 2.162, the gas flowing on the surface of the substrate experiences a dragging force 
toward the opposite direction of its motion which reduces the flow speed. The dragging 
force mainly comes from the viscous shear and inertial forces at the interface between the 
gas and substrate. By connecting the point where the flow speed reaches 0.99 u0, a line 
profile can be drawn which is defined as the edge of the boundary layer. The flow outside 
the boundary layer is laminar viscous flow with constant velocity because it is only 
determined by inertial forces. The thickness of the boundary layer is given by 
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δ=
10
3
L
√Re
(2. 1) 
where Re is the Reynolds number and L is the distance from the leading edge of the 
substrate. The reactant moves across the boundary layer by diffusion and then deposit on 
the substrate as the product. 
 
Figure 2.1 Schematics of the boundary layer on the substrate in a typical VPT process. (Figure 
taken from Ref. 62 © 2010, Springer-Verlag London Limited) 
The last step of the VPT process is deposition of the product which can be described 
by classical nucleation and growth theory63. Since the nucleation in the VPT process is 
gas to solid phase transition, the driving force for nucleation comes from the chemical 
potential difference of the reactant molecules between its gaseous phase and solid phase: 
∆𝜇 = 𝜇௚ − 𝜇௦ (2. 2) 
Where µg and µs are the chemical potentials of the reactant molecules in the gas and solid 
phase. If the nucleation is homogeneous, then the free energy change during the 
nucleation process is described as 
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∆𝜇 + 4𝜋𝑟ଶ𝜎 (2. 3) 
where r is the radius of the nucleus, V is the volume of a single molecule and σ is the 
surface free energy per unit area.  
 
Figure 2.2 Free energy change as a function of the radius of the nucleus. (Figure taken from Ref. 
63 © 2010, John Wiley and Sons) 
As shown in Figure 2.263, ΔGT reaches maximum at the critical nucleus radius r*, and 
the corresponding ΔG* is the energy barrier that must be overcome for stable nucleus to 
form. The rate of nucleation can be expressed as: 
𝐽 = 𝐴exp ൬−
∆𝐺∗
𝑘஻𝑇
൰ (2. 4) 
where A is the prefactor determined by kinetic considerations, kB is the Boltzmann 
constant and T is the temperature. In a real VPT process the product is deposited on a 
substrate, making the nucleation heterogeneous. The presence of a foreign substrate 
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makes σ smaller and reduces the value of ΔG* and r*, making the nucleation more 
favorable. 
 
Figure 2.3 Schematics of the (a) Volmer-Weber growth mode, (b) Stranski-Krastanov growth 
mode and (c) Frank-van der Merwe growth mode. (Figure taken from Ref. 64 © Cambridge 
University Press) 
Based on the different interaction strength between the adatoms and the substrate, the 
crystal growth on the substrate can be described by three growth modes: the Volmer-
Weber mode, the Stranski-Krastanov mode and the Frank-van der Merwe mode64. The 
Volmer-Weber mode, also called island growth mode, is characterized by the formation 
of three dimensional (3D) clusters or islands. In the Frank-van der Merwe growth mode, 
also called layer-by-layer mode, adatoms grow in two dimensional layers on the substrate 
without forming islands, resulting in atomically smooth surfaces. This is the mode that is 
preferred in the synthesis of 2D materials. The Stranski-Krastanov mode is a combination 
of the other two modes where both 2D layers and 3D islands are formed. 
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In a typical experiment, various substrates are used including Si with 285 nm SiO2, 
sapphire, Si and GaAs. The process is carried out in a single zone tube furnace equipped 
with a vacuum pump and various gas channels controlled by mass flow controllers 
(MFC) (Figure 2.4). The synthesis of 2D GaSe was carried out in a 1″ quartz tube. 60 mg 
GaSe (BOC sciences) and 3 mg Ga2Se3 (Alfa Aesar) powders were mixed together as the 
source materials and Ar is used as the carrier gas.  
 
Figure 2.4 Schematic diagram of the VPT system and growth process. 
P-type Si (111), sapphire and GaAs (111) wafers were used as growth substrates. 
Prior to growth the Si wafers were cleaned with acetone, methanol, RCA-1 cleanser 
(mixture of DI water, 27% NH3·H2O and 30% H2O2 with volume ratio 5:1:1) and 2% HF. 
The source powders were loaded in a quartz boat and sent to the center of the tube. The 
substrate was located 13 cm away downstream. The tube was evacuated to 10 mTorr and 
then heated from room temperature to the growth temperature with a ramping rate of 20 
oC/min. The temperature was kept stable for 5 min and then cooled down following 
different cooling rate. The Ar flow rate was set at 50 sccm and the growth pressure was 
30 Torr for the whole process. The growth on sapphire and GaAs was carried out under 
the same condition as the growth on Si(111). The sapphire is cleaned by O2 plasma for 3 
min before growth. GaTe (60 mg) and Ga2Te3 (10 mg) powders (American Elements) 
were mixed together as the source materials and Ar (15 sccm)+H2 (5 sccm) is used as the 
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carrier gas. The tube was heated from room temperature to the growth temperature with a 
ramping rate of 20 oC/min. The temperature was kept stable for 5 min and then cooled 
down to room temperature. The Ar flow rate was set at 15 sccm and the growth pressure 
was 30 Torr for the whole process. For the synthesis of GaSeTe alloys, same growth 
parameters were used as GaSe, except that 10 mg of GaTe (or InSe) powders was placed 
upstream to GaSe powders with various distances to acquire controlled composition for 
the alloy. 
2.2 Principles of Physical Properties Engineering in 2D Materials 
This dissertation focuses on the engineering of a variety of physical properties of 
GaX, including the bandgap, lattice vibrational properties, optical properties and 
optoelectronic properties. The methods used here mainly include strain engineering, 
defect engineering and phase engineering in heterostructural alloys. The principles of 
these methods are discussed in the following. 
2.2.1 Strain Engineering 
The band structure of a semiconductor material is highly dependent on the bonding 
length between the nuclei, namely the lattice constant. As the atoms come together and 
form bonds, the energetically separated states (s, p, d orbitals) split into continuous bands 
due to the coupling and overlap of the electron wavefunctions. As the electron states from 
adjacent atoms mix, they form the occupied binding states at lower energy (valence band) 
and unoccupied antibinding states at higher energy (conduction band). This principle is 
shown as an example in diamond in Figure 2.565 and applies to most semiconductors. As 
shown in Figure 2.5, the bandgap of a semiconductor has strong dependence on its lattice 
constant, making it possible to perform band engineering by applying strain. 
21 
 
Figure 2.5 Schematic of the Electron energy levels in diamond structured carbon as a function of 
the lattice constant. (Figure taken from Ref. 65 © 2006, Springer-Verlag Berlin Heidelberg) 
Raman spectroscopy is a powerful tool to measure localized strain with high spatial 
resolution. In Raman spectroscopy, the incident laser is inelastically scattered by 
interacting with the molecular vibrations that can be described by the harmonic oscillator 
model. The shift of the photon energy reflects the vibration frequency of the harmonic 
oscillator, which is in the form of 
𝜈 =
1
2𝜋
ඨ
𝑘
𝜇
(2. 5) 
where k is the spring constant of the harmonic oscillator and μ is the reduced mass of the 
atoms in the molecule, which is given by 
22 
1
𝜇
=
1
𝑚ଵ
+
1
𝑚ଶ
(2. 6) 
 
Figure 2.6 Schematic of the harmonic oscillator formed in a bi-atomic molecule before and after 
strain. 
As seen in Equation (2.5), the vibration frequency depends on the spring constant 
which is affected by the distance between the atoms. In most cases, as tensile strain is 
applied, the atoms move away from each other and the bonding strength is reduced, 
resulting in smaller k and lower vibration frequency. As compressive strain is applied, the 
interatomic distance decreases, leading to stronger bonding and larger k, resulting in 
higher vibration frequency. 
2.2.2 Defect Engineering 
Defects have significant effect on the properties of 2D semiconductors. In a perfect 
crystal, each atom is located at its designated spot. But in a real crystal, the lattice 
deviates from the perfect structure due to the existence of defects. Based on their 
structure, defects can be classified into point defects, line defects and planar defects. 
Point defects include vacancies and interstitial atoms, which cause imperfections at a 
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single lattice point. Point defects can affect the electronic structure and properties of 
semiconductors by introducing additional electronic states within the bandgap and 
changing the fermi level. The additional states usually have much lower density of states 
(DOS) compared to the valence band and conduction band. Line defects are one 
dimensional (1D) defects that are formed by dislocations, where a line of atoms are out of 
position. Dislocations can be divided into edge dislocation and screw dislocation, as 
shown in Figure 2.7. Similar to point defects, dislocations can also add electronic states 
within the bandgap. Screw dislocations can serve as nucleation sites for heterostructural 
nucleation and facilitate the growth of the material, leading to screw dislocation driven 
growth. 
 
Figure 2.7 Schematics of edge dislocation and screw dislocation. (Figure taken from Ref. 66 © 
2006 Springer-Verlag Berlin Heidelberg) 
Planar defects include grain boundaries and stacking faults, where the displacement 
happens at the interface between two crystal domains or layers. Grain boundaries are 
usually found at the interface between two domains with different orientations. These 
defects can sometimes host completely different electronic structure from the matrix 
material, such as the metallic grain boundary in semiconducting MoS267. 
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2.2.3 Phase Engineering in Heterostructural Alloys 
Forming alloys has been a widely used approach for bandgap engineering in 
semiconductor materials. To achieve full composition alloys, the two components usually 
need to be in the same phase, as is the case for most of the thoroughly studied group III-V 
and II-VI semiconductor alloys. Such alloys with the same phase across the full 
composition are called isostructural alloys, and their bandgap changes continuously as a 
function of composition (Figure 2.8)68. 
 
Figure 2.8 Bandgap vs lattice constant of common semiconductor alloys. (Figure taken from Ref. 
68 © 2017 De Gruyter, Berlin/Boston) 
Heterostructural alloys are formed by two components belonging to two different 
phases. As the composition changes, a structural transition from one phase to the other 
happens at a certain composition. Such phase transition offers a new degree of freedom in 
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materials design besides chemical composition, and opens up the opportunity for phase 
engineering69.  
However, full composition alloying typically becomes difficult in heterostructural 
alloys due to the structural mismatch and miscibility gaps in the phase diagram. To 
overcome this difficulty, we can borrow the ideas that have been used to close the 
miscibility gap in group III-V isotructural alloys. One way to accomplish this goal is to 
use the proper substrate. As the alloy is grown on a substrate, the film of the alloy strains 
to match the lattice parameter of the substrate, leading to the reduction in the formation 
free energy of the alloy70: 
𝐺 = 𝐺୧ୢୣୟ୪ ୱ୭୪୳୲୧୭୬ + ∆𝐺୫୧୶ + ∆𝐺ୱ୲୰ୟ୧୬ 
= ෍ 𝑥௜𝐺௜ + 𝑅𝑇 ෍ 𝑥௜ ln 𝑥௜ + ∆𝐺୫୧୶ + ∆𝐺ୱ୲୰ୟ୧୬൫𝑐௜௝, 𝜎, 𝜀൯
௜௜
(2. 7) 
where Gi is the partial molar free energies of the components; xi are the mole fractions of 
the corresponding component; ΔGmix is the free energy mixing term that describes the 
deviation from ideal behavior and ΔGstrain(cij, σ, ε) represents the elastic energy generated 
by strain. The reduction of the formation free energy can significantly reduce the phase 
separation critical temperature of the semiconductor alloy grown on proper substrates. In 
the case of GaInAs alloys as shown in Figure 2.9, the critical temperature decreases to 
negative across the full composition when InAs is chosen as the substrate, indicating the 
ability of forming full composition GaInAs alloys on InAs despite the big miscibility gap 
without strain. 
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Figure 2.9 Calculated critical temperatures for the GaInAs alloy as a function of composition. The 
solid dark lines correspond to strain-free material. The other results assume the strains that would 
be induced by pseudomorphic heteroepitaxial growth on the noted substrates. (Figure taken from 
Ref. 70 © AIP Publishing) 
Once the miscibility gap is closed, phase transition from one component to the other 
will be observed at a certain composition of the heterostructural alloy, allowing 
manipulation of the material properties through the phase engineering approach. 
2.3 Experimental Methods 
2.3.1 Optical Properties and Lattice Dynamics Characterization 
Raman and PL spectroscopy were used to characterize the vibrational and optical 
properties of the samples. The experiments were carried out on a Renishaw InVia 
spectroscopy system with a 100x objective lens using a laser source of 488 nm 
wavelength. The laser was focused onto the sample with a spot diameter of 0.5 µm. 
Angle resolved measurements were carried out in the same system by mounting samples 
on a rotation stage and taking data when the sample is rotated every 20o. The incident 
laser and detector were polarized parallel to each other along the 0-180o direction. Low 
temperature PL and reflectance measurements were performed in a home-built micro-
spectroscopy set-up around a closed-cycle, low vibration attoDry cryostat with a 
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temperature controller (T=4 K to 300K). For PL at a fixed wavelength of 633 nm a HeNe 
laser was used; for PL experiments as a function of excitation laser wavelength, a 
tunable, continuous wave Ti-Sa Laser SOLSTISF from M SQUARED was used. The 
white light source for reflectivity is a halogen lamp with a stabilized power supply. The 
emitted and/or reflected light was dispersed in a spectrometer and detected by a Si-CCD 
camera. For the pressure dependent studies, a home-built Raman system equipped with 
green laser (λ = 532 nm) and long working distance 50x optical lens was used. The data 
was collected using an Acton 300i spectrograph and a back thinned Princeton Instruments 
liquid nitrogen cooled CCD detector.  
2.3.2 Morphology and Thickness Characterization 
A Bruker D3100 Scanning Probe Microscope (SPM) was used for AFM 
measurements in ambient environment. The scanning rate was 1 Hz with a resolution of 
512×512. The data was processed by Gwyddion software. Zeiss Gemini Ultra-55 field 
emission SEM, AMRAY 1910 SEM and Hitachi S4700 field emission SEM were 
employed for surface morphology observation. The Zeiss Gemini Ultra-55 was operated 
at an accelerating voltage of 3 kV, and the AMRAY 1910 and Hitachi S4700 were 
opterated at 15-20 kV with a working distance of 12-15 mm. 
2.3.3 Composition and Crystal Structure Characterization 
Employing a Bruker XFlash® 6|60 detector coupled with the Zeiss Gemini Ultra-55 
SEM, energy-dispersive x-ray spectroscopy (EDS) and element mapping were carried out 
with an operating voltage of 15 kV. Nano-Auger spectroscopy (n-AES) was performed 
using an Oxford/Omicron Nano-Auger system that is based on an ultra-high vacuum 
chamber (base pressure 10-10 mbar) equipped with a field emission electron source and a 
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multi-channel hemisphere detector. The electron beam can be focused to a spot size of ~ 
10 nm enabling the nanoscale chemical composition analysis on microscale GaSe 
structures. Also, in-depth n-AES studies were conducted employing the Ar ion sputtering 
gun attached to the instrument.  
TEM and SAED experiments were performed on the FEI Titan TEM with the 
accelerating voltage of 300 kV. High-angle annular dark-field imaging (HAADF) was 
conducted using a NION UltraSTEM100 scanning transmission electron microscope 
(STEM). The accelerating voltage was typically set to 40 to 80 kV, and the probe size 
was about 0.3 nm with a probe current of approximately 12 pA. X-ray diffraction (XRD) 
measurements are conducted on a PANalytical X’Pert Pro Materials Research model X-
Ray diffractometer with Cu-Kα radiation (1.5406 Å) using a 0.05° step size and a 2 s 
dwell time. 
2.3.4 Density Functional Theory Calculations 
Band structure calculations for GaSe under strain are based on first-principles 
density functional theory (DFT) using projector augmented wave potentials71. The 
exchange correlation potential has been represented by the Generalized Gradient 
characterized by Perdew-Burke-Ernzerhof72 including van der Waals correction (vdW)73 
both for spin-polarized and spin-unpolarized cases. Effects of spin-orbit coupling and 
non-collinear magnetism are not taken into account. Supercell size, kinetic energy cut-
off, Brillouin zone (BZ) samplings of the calculations have been determined after 
extensive convergence analysis. A plane-wave basis set with kinetic energy cut-off of 
370 eV is used. In the self-consistent field potential and total energy calculations BZ is 
sampled by special k-points. The numbers of these k-points are (16x16x4) for the 
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primitive bulk ε-GaSe unit cell and are scaled according to the size of the super cells. All 
atomic positions and lattice constants are optimized by using the conjugate gradient 
method, where the total energy and atomic forces are minimized. The convergence for 
energy is chosen as 10−6 eV between two consecutive steps, and the maximum Hellmann-
Feynman forces acting on each atom is less than 0.01 eV/Å upon ionic relaxation. The 
pressure in the unit cell is kept below 5 kBar in each lattice vectors for relax structures. 
The amplitude of the applied pressure in the calculations conducted under strain are kept 
under experimentally reachable values. 
Formation energies of GaSeTe alloys were calculated using the Vienna Ab initio 
Simulation Package (VASP)74 for density functional theory calculations. To simulate 
hexagonal and monoclinic GaSe1-xTex different compositions (x = 0, 1/12, 2/12, 3/12, 
4/12, 6/12, 8/12, 9/12 and 1), 3x3x1 and 1x3x1 supercells were used, respectively, 
leading to 72 atoms in each supercell. The supercell structures were generated using the 
method based on the Special Quasirandom Structures (SQS) method75 implemented in 
the ATAT package76. In the VASP calculations, the Perdew-Burke-Ernzerhof 
functional72 and potentials from the projector augmented-wave method71, 77 were used. 
Plane wave basis set with a cutoff energy of 500 eV were used and the k-point sampling 
grids for the supercells were set to 4x4x2 and 2x6x2 for the hexagonal and monoclinic 
supercells, respectively. The formation energy Ef of GaSe1-xTex is defined as Ef = (EGaSe1-
xTex - EGa - (1-x)ESe - xETe)/2, where EGaSe1-xTex refers to the energy of a GaSe1-xTex 
supercell per formula unit.  EGa, ESe, and ETe denote the energies of Ga, Se, and Te atoms 
in their corresponding bulk unit cells. The cluster expansion method in ATAT was used 
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to search for possible ordered compounds with the compositions lying between 
hexagonal GaSe and GaTe. 
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CHAPTER 3   CONTROLLED SYNTHESIS AND BAND ENGINEERING OF 
GaSe 
This chapter focuses on the vapor phase transport synthesis of 2D GaSe and the band 
gap tuning effect induced by lateral and vertical strain. As mentioned in previous chapter, 
strain induced band gap tuning has been mostly studied on exfoliated GaSe and the effect 
was quite limited due to the small amount of strain that can be applied through an 
external force. In this work, we show that the band gap of GaSe can be significantly 
reduced from 2 eV down to 1.7 eV by tensile strain induced by the substrate, which 
reaches the range of GaSexTe(1-x) alloys. The band gap can be further reduced by applying 
vertical strain using a diamond anvil cell (DAC) setup. Overall, results are fundamentally 
and technologically intriguing as the technique offers unique routes to design materials 
without alloying or defect engineering. 
3.1 Synthesis of 2D GaSe on Si (111) 
In a typical vapor phase transport (VPT) process, Ga2Se3 and GaSe precursors were 
transported to hot (growth) zone using inert Ar gas at high temperatures to deposit GaSe 
layers on Si(111) and sapphire surfaces. Here, Si(111) surface offers an excellent 
hexagonal symmetry match between the matching faces of GaSe(0001) and Si(111) that 
corresponds to a 2.6% lattice mismatch using the “GaSe” a lattice parameter of 3.74 Å 
and a silicon surface net parameter, a/√2 ~ 3.84 Å78, 79, 80 (Figure 3.1). 
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Figure 3.1 (a) Schematics of the interatomic displacement in Si (111) face. (b) Schematics of the 
interatomic displacement in GaSe (0001) face. 
By carefully controlling the cooling rate, three different morphologies are obtained, 
namely flat triangle, pyramid, and spiral shapes as shown in Figure 3.2. In the growth 
process, samples were kept at growth temperature 750 oC for five minutes (see AB in 
Figure 3.2a), and immediately after samples were cooled down to room temperature 
following three different paths (red, yellow, and blue lines). The first path (red curve in 
Figure 3.2a) predominantly produces flat triangles after rapidly cooling the furnace at a 
rate greater than 20 oC by simply opening tube furnace. For the second path (yellow 
curve), samples were cooled at a rate of 10 oC/min (BC) within 2 min, and fast cooled 
(rate>20 oC) below 730 oC. Interestingly, pyramids are only formed during this process. 
For the third path (blue curve), samples are cooled down to 700 oC at a controlled rate of 
10 oC/min and fast cooled down to room temperature below 700 oC. Flakes with spiral 
patterns are mostly observed after this process.  
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Figure 3.2 (a) Temperature profiles during the cooling process used in the VPT growth of GaSe. 
(b) Optical images of flat triangle, pyramid and spiral flakes of GaSe obtained by corresponding 
cooling process. (c) Optical image of VPT grown GaSe on sapphire. 
In Figure 3.3, we show AFM images taken from triangular GaSe nanostructures 
which measures 30 nm in height with rather steep edges. A closer look at the AFM 
images shows that the triangle is grown on a bilayer GaSe plane measuring 1.7 nm in 
thickness – twice that of c-axis lattice parameter (Figure 3.3a). In contrast, pyramid flakes 
(Figure 3.3b) does not have sharp edges, but instead its edges make acute angle. Each 
step of pyramid structure is ~1.6-1.7 nm in thickness which implies that GaSe layers are 
grown as bilayers in Bernal (AB) stacking. Unlike others, spiral flakes (Figure 3.3c) is 
made of monolayer GaSe which 0.9 nm step height, and can be clearly distinguished by 
its striking helical fringes and spiral contours. The chemical composition measured by 
EDS shows the Ga:Se ratio is close to 1:1 and the elemental mapping shows both Ga and 
Se distribute uniformly across the flake (Figure 3.4a and Figure 3.4b). TEM 
measurements show that synthesized flakes are in ε-phase where layers are stacked in 
Bernal stacking arrangement (Figure 3.4c, Figure 3.4d and Figure 3.4e). 
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Figure 3.3 AFM images and height profiles of flat triangle (a), pyramid (b) and spiral (c) GaSe 
flakes. The height profiles are taken from positions indicated by the yellow arrows. 
 
Figure 3.4 (a) EDS spectrum of a VPT grown GaSe pyramid on Si. (b) EDS mapping of a VPT 
grown GaSe pyramid on Si. (c) Low magnification image of a VPT grown GaSe triangle. (d) 
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HAADF image of the selected area in (c). (e) Intensity profile along the yellow line in (d), 
indicating the ABAB stacking of GaSe. 
What is the origin of such vastly different morphologies and relation to growth 
conditions? The synthesis of crystalline nanomaterials must follow basic crystal growth 
theory, describing the layer-by-layer (LBL -also called Frank van der Merwe-) dendritic 
growth81, and spiral screw-dislocation driven (SDD) growth82, 83. In this work, triangle 
and pyramid features are in the LBL regime due to their highly layered / stacked nature, 
whereas spiral flakes are grown by SDD. The latter is particularly evident from spiral 
patterns in AFM images (Figure 3.3c) which is a signature morphology observed in SDD 
grown low-dimensional materials. Within the crystal theory, dentritic-LBL-SDD growth 
regime depends on the degree of supersaturation which is expressed as s=ln(c/c0) where c 
and c0 are the precursor and equilibrium concentration values84. We postulate that 
triangle features are grown at 750 oC (AB in Figure 3.2a) when the precursor 
concentration is higher –due to higher vapor pressure- and s value is high enough to 
sustain LBL growth. Upon rapid cooling, growth temperature quickly drops below 700 
oC (above which GaSe layers are grown), bypassing BC and CD temperature regions 
(Figure 3.2a), and thus almost no growth takes place below 750 oC. However, when the 
temperature is slowly cooled from 750 to 730 oC (BC), precursor concentration s, and 
step growth velocity slowly decreases. Combination of these factors are still sufficient to 
sustain LBL growth (as evidenced by layered nature of pyramids), but resulting materials 
assume pyramid shapes due to reduced and time / temperature. Finally, spiral features are 
realized at low temperature (CD), low concentration precursor and s conditions. In this 
regime, nuclei formation –which is essential to LBL growth- is not preferred as the 
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supersaturation concentration is below its critical value, instead screw dislocations offer 
active sites with relatively large Gibbs free energies and SDD growth dominates in the 
CD range. Since each layer measures monolayer (0.9 nm) in spiral features, as opposed 
to bilayers in triangles and pyramids, we argue that screw dislocations are probably 
formed by uplifted layers on the surface.  
3.2 Band Gap Engineering by Lateral Strain 
Photoluminescence (PL) spectroscopy is used to study the optical properties of the 
VPT synthesized GaSe. By using a confocal laser scanning microscope with a 500 nm 
laser spot size, we are able to perform PL mapping on the GaSe flakes and study the 
spatial variation of PL peak energy and intensity. Figure 3.5b and Figure 3.5e shows the 
PL mapping pattern of a VPT synthesized GaSe flat triangle flake (Figure 3.5a) compared 
to an exfoliated flake (Figure 3.5b). Interestingly, the VPT GaSe flake shows a large 
variation in both PL emission energy and intensity across the whole flake, whereas the 
exfoliated flake shows a rather uniform pattern. PL spectra taken from individual spots 
are plotted in Figure 3.5c, which shows a significant red shift for the VPT GaSe flake 
compared to the exfoliated flake. The emission range covers from 630 nm to 700 nm 
which corresponds to almost the same spectral range attained by alloying Se with Te in 
GaSexTe(1-x) ternary systems55 as shown in Figure 3.5f. Similar studies on pyramid and 
spiral shaped flakes reveal the same red-shifted emission features as shown in Figure 
3.6a. Considering such broad range of band gap variation, we refer to this effect as 
‘colossal band gap renormalization’.  
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Figure 3.5 (a) Optical image of a VPT synthesized GaSe triangle flake. (b) PL peak position and 
intensity mapping of the GaSe flake in (a). (c) PL spectra of the exfoliated flake and the VPT 
synthesized triangle, taken at locations pointed in (a) and (d) by dots with corresponding colors. 
(d) Optical image of an exfoliated GaSe flake. (e) PL peak position and intensity mapping of the 
GaSe flake in (d). (f) Normalized PL spectra of bulk GaSe, GaSeTe alloy and GaTe crystals. 
To further understand the band gap renormalization effect, a large number of PL 
spectra have been taken and the full width at half maximum (FWHM) vs emission 
wavelength is plotted in Figure 3.6b. Results show that the PL peak position of triangle 
and pyramid GaSe flakes ranges in the 630-700 nm and 640-700 nm respectively, 
whereas PL spectrum of spiral GaSe appears in close proximity to 680 nm with narrow 
PL distribution (+/- 10nm). We note that PL peak position of exfoliated GaSe and VPT 
GaSe on sapphire both have very small variation, sPL<4nm, but emission lines are located 
at 620 nm and 630 nm which matches to the theoretically predicted and experimentally 
established values of GaSe. These trends can be clearly observed from PL peak position 
and intensity mapping data collected from various GaSe flakes in Figure 3.5 and Figure 
3.6. For example, spiral and exfoliated GaSe flakes possess relatively uniform PL 
intensity whereas emission intensity is largely non-uniform on triangles and pyramids. 
38 
Furthermore, PL intensity from VPT GaSe appear more luminescent compared to 
exfoliated ones. 
 
Figure 3.6 (a) PL peak position and intensity mapping of the pyramid and spiral shaped GaSe 
flake. (b) Distribution of PL FWHM as a function of peak position for each case. The 
quadrilaterals are for eye-guidance. 
The question arises: What is the origin of such large band gap change? Our results 
cannot be explained by a simple band renormalization due to quantum confinement 
effects since any change in the band gap value becomes noticeable when the number of 
layers is less than 4 (~4 nm) which is far thinner than synthesized flakes36. Nor the spatial 
variation of PL peak and intensity can be explained by size confinement effects in the 
band structure since the thickness of GaSe features are either uniform (triangles) or the 
surface morphology / thickness does not correlate to observed PL peak/intensity 
distribution (pyramids). Another potential explanation might be non-stoichiometric 
elemental distribution across GaSe flake resulting in bound excitons (XD  D+eh) 
trapped at various chalcogen vacancy sites with different light emission energy. 
However, nano-scale energy dispersive x-ray spectroscopy (EDS) reveals that 1:1 Ga/Se 
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ratio is perfectly retained on the flake (Figure 3.4). Lastly, band alignment across Si and 
GaSe is also not possible to yield red-shifted PL since these results are specific to VPT 
grown samples on Si, and exfoliation onto Si(111) does not yield similar response. 
Colossal PL change, however, can be attributed to substrate induced strain effects on 
GaSe nanostructures as evidenced by micro-Raman spectroscopy measurements and DFT 
calculations85, 86, 87. 
 
Figure 3.7 (a) Raman spectra of the VPT synthesized GaSe triangle taken at locations indicated 
by the dots in Figure 3.5a with corresponding colors. The result is compared to an exfoliated 
(unstrained) GaSe flake in Figure 3.5d. (b) Fitted spectra of the vibration modes of A1g1, E2g and 
A1g2 on exfoliated and VPT synthesized triangle. (c) The shift of each vibration mode as a 
function of PL peak position as shown in Figure 3.5c. (d) Schematics of the vibrational property 
of in-plane biaxial strained GaSe. 
We argue that band renormalization effect originates from finite tensile strain acting 
on vdW deposited GaSe/Si(111) flakes. Micro-Raman studies on triangular GaSe flakes 
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show that three prominent vibrational modes (A1g1, E2g, and A1g2 located near 135 cm-1, 
214 cm-1  and 307 cm-1, respectively) are significantly softened compared to exfoliated 
GaSe (Figure 3.7a-c). Here, we note that triangular flakes offer ideal platform to perform 
Raman characterization owing to their uniform thickness and flat morphology. Even 
though presented results are acquired from triangles, similar findings have also been 
reproduced for many spiral and pyramid GaSe samples. Red-shifted Raman peaks clearly 
implies that a finite tensile strain exists on GaSe/Si(111) compared to unstrained 
exfoliated GaSe87.  
Further evidence for finite in-plane strain comes from lifted degeneracy of E2g 
mode88. This mode, described by a single Lorentzian peak on exfoliated GaSe flakes, 
splits into two components, namely E2g- and E2g+, for VPT GaSe (Figure 3.7b). In its 
unstained state the E2g mode consists of two degenerate modes: one polarized in the a 
axis and another in the b-axis direction. But with finite strain at any arbitrary angle, the 
degeneracy of E2g- and E2g+ peaks is lifted, and each peak shifts by a different amount 
depending on the direction of the strain axis with respect to a and b lattice vectors (Figure 
3.7d). This picture is further supported by similar findings on strain / E2g mode splitting 
relations observed on other material systems, such as CNTs, graphene, and more recently 
MoS287, 88.  
Importantly, Raman peaks gradually red-shift going from point I to III (see flake and 
labelling in Figure 3.5a and Figure 3.5d), suggesting that the magnitude of the strain is 
not uniform across the flake. PL mapping on the same flake reveal that peak position is 
red-shifted and PL intensity much increased in the same direction (I to III). Thus, we 
argue that PL peak shift and band gap change is directly linked to the amount of strain 
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within each flake (Figure 3.7c), and PL mapping gives a reasonable information on 
nanoscale strain distribution on the flake. Here, we note that strained parts have stronger 
emission possibly due to exciton immigration / diffusion from unstrained (larger band 
gap) regions to strained parts through funneling effect (Figure 3.8a)53. Proposed in-plane 
tensile strain picture is also consistent with the first principles results (Figure 3.8b) which 
shows that band gap decreases (by 0.18 eV/%) in the tensile strain direction, whereas 
compressive strain increases the band gap by 0.11 eV/1 % strain. From the dEgap/ds 
relation in Figure 3.8b, together with largest measured PL peak shift (2.0 eV for 
exfoliated GaSe to 1.7 eV for GaSe triangles), the maximum value of the in-plane tensile 
strain is estimated to be 2% which is the room temperature mismatch (2.6%) between 
Si(111) and GaSe.  
 
Figure 3.8 (a) DFT calculated bandgap as a function of strain. (b) Schematic diagram of the 
funnel effect caused by non-uniform strain. 
Due to a larger lattice mismatch between GaSe and sapphire (21%), vdW epitaxy on 
sapphire produces GaSe flakes with physical properties close to exfoliated ones (Figure 
3.6b) –PL peak is shifted only by 10 nm–, and underlying substrate does not induce any 
strain on the flakes. Consequently, vdW epitaxy on sapphire produces flakes with narrow 
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PL distribution (similar to exfoliated ones) whereas GaSe triangles and pyramids on Si 
span much larger energy range due to non-uniform strain distribution. The only exception 
to this trend is observed on spiral GaSe flakes on Si(111) where its PL peak position is 
significantly red-shifted and is well defined. Since the SDD growth is driven by 
misplaced edges and kinks due to lower activation energies, uniform PL peak distribution 
can be attributed to uniform strain profile on spiral flakes. Overall results are surprising 
since i) GaSe layers are perfectly passivated thus interaction with the underlying substrate 
is expected to be minuscule regardless from the substrate’s chemical state, ii) even if 
there is a finite strain acting on GaSe layers, it is unlikely to transfer strain from one layer 
to another through weak vdW forces between adjacent layers. In this view, strain is 
anticipated to act only on the first few layers and PL / Raman measurements (which 
collects signal with equal weighting factor across the thickness) should –in principle- 
probe mostly unstrained regions. Considering results on Si(111), sapphire, and exfoliated 
flakes, underlying substrate plays an essential role in determining the material behavior 
of GaSe, especially when the substrate surface is not passivated as in the case of Si(111). 
One potential explanation is that Si atoms interact strongly with nucleated GaSe, and 
strain is carried onto GaSe layers during lateral diffusion process due to finite -but small- 
lattice mismatch.  
3.3 Effect of the Vertical Compressive Strain 
Further band gap tuning can be obtained by applying vertical strain. In contrast to 
conventional DAC setup where hydrostatic pressure acts both in- and out-of-plane 
directions, we have applied compressive vertical pressure (Figure 3.9a) up to ~0.3 GPa 
on both exfoliated and VPT grown GaSe flakes and monitored the shift in Raman 
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frequencies and PL peak position. The pressure is estimated from the Si Raman peak shift 
(Fig 3.10b-c).  
 
Figure 3.9 (a) Schematic of the experimental setup using a diamond anvil cell. (b-c) Pressure-
dependent Raman spectra of the Si substrate for exfoliated GaSe (b) and VPT grown spiral GaSe 
(c). The pressure is estimated by the shift amount of the Si peak using a previously established 
relation89. 
If GaSe on Si(111) has a finite amount of tensile strain, we anticipate that GaSe 
layers will be easier pushed closer to each other at a given pressure due to increased bond 
length reducing the change density around individual GaSe layers and repulsion force 
between adjacent layers. Since the band gap and PL peak position strictly depends on the 
interlayer coupling, PL peak position of GaSe/Si(111) is expected to have stronger 
pressure dependence compared to exfoliated ones.  
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Figure 3.10 (a) Pressure-dependent Raman spectra of exfoliated GaSe. (b) Pressure-dependent 
Raman spectra of VPT synthesized spiral flake. (c) Pressure-dependent PL spectra of exfoliated 
GaSe. (d) Pressure-dependent PL spectra of VPT synthesized spiral flake. 
Owing to the uniformity of the PL peak position, spiral GaSe/Si(111) is selected over 
triangle and pyramid features for DAC measurements, and its pressure response is 
compared to exfoliated GaSe flakes as shown in Figure 3.10. Upon applying pressure on 
spiral GaSe/Si(111) in DAC setup, Raman peaks gradually stiffen as shown in Figure 
3.10a-b, suggesting that the applied pressure is successfully transferred to GaSe. PL 
spectroscopy and m-DAC measurements reveal that PL peak red-shifts for both 
GaSe/Si(111) and exfoliated GaSe due to pressure induced band renormalization. PL 
peak of GaSe flakes scales linearly with applied vertical pressure, however spiral flakes 
appear to be more sensitive (dEgap/dP = -1.43 eV/GPa) to the vertical pressure compared 
to exfoliated ones (dEgap/dP = -1.17 eV/GPa) as shown in Figure 3.11a-b. Here, it is 
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worthy to mention that observed difference in the pressure dependence is quite large in 
comparison to other material systems. For instance, GaN and GaAs belong to the P63mc 
and  symmetry groups and dEgap/dP only differ by 0.066 eV/GPa90, 91, 92.  
 
Figure 3.11 (a) Band gap as a function of pressure for exfoliated and VPT synthesized triangle 
and spiral flakes. Dashed lines are linear fits to each set of data. (b) Ratio of band gap change as a 
function of vertical pressure obtained from (a). (c) DFT calculated band gap as a function of 
pressure for strained and unstrained GaSe. (d) Ratio of band gap change as a function of vertical 
pressure obtained from (c). 
The effect of pressure on the optical band gap of GaSe can be further understood by 
density functional theory (DFT) calculations. Figure 3.11c-d shows the band gap of GaSe 
as a function of vertical pressure obtained by DFT calculations for unstrained (exfoliated) 
and 2% tensile strained (VPT grown) GaSe layers. Results show that calculated band gap 
46 
decreases much faster (is more sensitive) for tensile strained GaSe spiral nanostructures, 
and agree well with our experimental findings. Linear fitting of the calculation results 
gives a dE/dP slope difference of 17%, which is similar to the experimental result of 
22%. 
3.4 Summary 
This chapter demonstrates collosal band renormalization effect in GaSe layers grown 
onto Si(111) surfaces via van der Waals epitaxy. The band gap spans 630-700 nm range 
which is significantly red-shifted compared to exfoliated GaSe (620 nm) and covers 
almost the same spectral range as GaSexTe(1-x) ternary alloys. Interestingly, vdW epitaxy 
on sapphire or GaSe exfoliation onto Si(111) do not yield similar results, suggesting that 
interaction between Si(111) and GaSe layers play a crucial role especially during 
nucleation and diffusion of GaSe. Through control over kinetic factors, we were able to 
synthesize desired GaSe morphologies and attain modest control over emission 
wavelength. Raman spectroscopy, diamond anvil cell pressure studies, PL spectroscopy, 
and computational calculations suggest that tensile strain on GaSe layers, arising from 
interaction between Si and GaSe, results in observed band renormalization effects. 
Findings open new venues to design new material properties from the same material itself 
and offers new insights to vdW epitaxy of lamellar materials.  
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CHAPTER 4   SYNTHESIS AND NOVEL PROPERTIES OF GaTe 
This chapter studies the vapor phase transport synthesis of GaTe on various 
substrates including GaAs (111), Si (111) and sapphire. Results show that substrate type 
has a crucial effect on the growth mechanism and the consequent morphology and 
properties. Using high-resolution transmission electron microscopy (HRTEM), we 
provide atomic images of the pseudo-1D chain-like structure in GaTe, and report on their 
anisotropic properties using angle resolved micro-PL and micro-Raman spectroscopy 
techniques. In terms of optical properties, the GaTe flakes synthesized on sapphire not 
only show a strong band edge PL emission at 1.66 eV, but also display multiple sharp 
emissions in the forbidden gap. Detailed PL mapping and temperature and power 
dependent PL measurements are used to study the emission mechanism of these peaks. 
4.1 Synthesis and Structural Characteristics of Nanostructured GaTe 
GaTe flakes were synthesized by VPT technique in a tube furnace using GaTe and 
Ga2Te3 polycrystalline powders as the source. The setup is similar to the one used in the 
GaSe growth discussed in the previous chapter (Figure 2.1). We have performed the 
growth on a variety of substrates including GaAs (111), Si (111) and c-cut sapphire to 
understand different substrate effects and growth mechanism. Here, GaAs and Si wafers 
were selected in order to integrate 2D materials systems into scalable bulk 
semiconductors in hybrid structures, and sapphire was chosen owing to recent successful 
growth of 2D systems onto their highly crystalline surfaces.  
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Figure 4.1 (a-b) Optical (a) and false colored SEM (b) images of GaTe synthesized on GaAs 
(111) substrate. (c-d) Optical (c) and false colored SEM (d) images of GaTe synthesized on Si 
(111) substrate. 
GaTe is first synthesized on GaAs (111) and Si (111) substrates. As shown in Figure 
4.1, the morphology of the GaTe nanostructures depends strongly on the substrate type. 
Typical growth processes carried onto GaAs and Si yield GaTe nanowires lying flat on 
the surface, however some of the ribbons also grow out of plane at an acute angle with 
the substrate as shown in scanning electron microscopy (SEM) images in Figure 4.1b and 
Figure 4.1d. These nanowires appear to be well aligned along three directions that make a 
fixed angle of 120o with each other, which is a sign of epitaxial growth93. To confirm 
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epitaxial relationship between GaTe and GaAs, we have performed pole figure X-ray 
diffraction (XRD), SEM and HRTEM combined. A full XRD spectrum of the sample is 
shown in Figure 4.2a. GaAs (111) and (222) peaks are clearly seen, confirming the (111) 
orientation of the GaAs substrate. As for GaTe, only two peaks are revealed-the (001) 
peak at 11.9o and the (002) peak at 23.8o. This suggests that the GaTe nanowires have a 
(002) preferred vertical orientation on GaAs(111). The pole figure XRD result shown in 
Figure 4.2b further confirms that the GaTe (002) plane is parallel to the GaAs (111) plane 
(Figure 4.2c).  
 
Figure 4.2 (a) XRD spectrum of GaTe grown on GaAs (111). (b) Pole figure XRD spectra of the 
GaTe (002) plane and the GaAs (111) plane system. (c) The atomic structure of both planes 
shown in (b). 
Next, we determine the rotational relationship between the GaTe nanowires and the 
GaAs substrate by analyzing the angle of the nanowire growth. Figure 4.3a shows the 
SEM image of the GaTe nanowires grown at the edge of the GaAs wafer. It is known that 
the GaAs (111) wafer cracks along the [110] direction. We find that the nanowires form a 
30o angle with respect to the wafer edge, which is parallel to the [121] direction of GaAs 
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(Figure 4.3c). HRTEM image (Figure 4.3b) shows that the nanowire growth direction is 
along the [010] chain direction of GaTe. Thus the rotational relationship between GaTe 
and GaAs is determined as GaTe [010]//GaAs [121]. Finally, a 3D structure of the GaAs- 
GaTe system is constructed as shown in Figure 4.3d. It is worthy to note that the growth 
of GaTe is quite different in that instead of isotropic growth (i.e., material grows in all 
directions in the plane), monoclinic GaTe growth occurs preferably along the [010] chain 
direction. This chain-like growth is directly related to the highly anisotropic crystal 
structure94 of monoclinic GaTe and will be discussed later in the article. Here, we also 
note that similar relations also exist for GaTe grown onto Si wafers but are not shown 
here for brevity.  
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Figure 4.3 (a) SEM image of GaTe grown at the edge of the GaAs (111) substrate. inset: Zoom-in 
view of a GaTe nanowire grown on GaAs (111). (b) HRTEM image of the VPT grown GaTe that 
shows the chain structure. (c) atomic structure of the GaAs (111) surface with the GaTe nanowire 
growth direction labeled by blue arrows. (d) 3D atomic model of the GaTe nanowires grown on 
GaAs (111). 
However, due to the large lattice mismatch of 13.7% between GaTe (4.15 Å of Te-
Te distance along [010]) and sapphire (4.81 Å along [010]) compared to 2.0% and 7.2% 
on GaAs (dAs-As=4.07 Å along [110]) and Si (dSi-Si=3.87 Å along [110]) respectively, 
GaTe flakes grow rather randomly on sapphire substrates as shown in Figure 4.4a. The 
resulting morphology varies from wires to flakes with the dimensions ranging from 10 
μm to 30 μm. This random distribution of morphology and dimension may be attributed 
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to the van der Waals epitaxy growth mechanism where the GaTe is bonded to the 
substrate by weak van der Waals force without forming any direct chemical bonds. Under 
this regime, the GaTe adatoms can transport more freely on the sapphire surface. Overall 
our manufacturing route enables synthesis of pseudo-1D GaTe sheets for the first time 
onto different substrates and is a significant progress in synthesis of pseudo-1D systems.  
4.2 Optical Properties of VPT Deposited GaTe 
To understand how substrate type and growth characteristics influence the overall 
optical response from direct band gap nanomaterial GaTe, we have performed 
photoluminescence (PL) measurements as shown in Figure 4.4b. We find that the GaTe 
flakes grown on sapphire behave quite differently from those grown on GaAs and Si as 
well as flakes isolated from GaTe single crystals synthesized via Bridgman method. The 
main PL peak located at 1.66 eV for GaTe/sapphire (red) and GaTe/GaAs (green) 
matches closely the fundamental direct band gap of GaTe at 1.65 eV (blue line), and is 
thus identified as the band edge emission (X0) related to radiative recombination of 
photo-excited electrons and holes. The sample grown on GaAs displays an additional 
peak at 1.42 eV (green line) originating from the GaAs substrate (EgGaAs=1.4 eV). 
Surprisingly, however, the sample grown on sapphire (red line) shows three additional 
sharp (FWHM~50 meV) emission lines at 1.29 eV, 1.39 eV and 1.50 eV as pointed out 
by the blue arrows which are not present in exfoliated GaTe and GaAs/GaTe samples. 
Then the question arises: What is the origin of these additional peaks?  
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Figure 4.4 (a). Optical image of GaTe synthesized on c-cut sapphire substrate. (b) 
Photoluminescence spectra of GaTe synthesized on various substrates. (c) Raman spectra of 
GaTe synthesized on various substrates. (d) Low magnification TEM image and HRTEM image 
of the B area (inset). (e) selected area electron diffraction (SAED) pattern of a GaTe flake 
synthesized on sapphire. The SAED patterns are taken at three different regions marked by the 
squares in the TEM image. (f) EDS mapping of Ga and Te taken on the GaTe flake. 
As evidenced by micro-Raman measurements, we safely exclude the presence of 
secondary phases such as Ga2Te3 or TeO2 and their potential impact on the PL spectrum. 
As shown in Figure 4.4c, Raman spectra from sapphire/GaTe precisely match the GaTe 
single crystals grown by the Bridgman method, GaAs/GaTe, as well as existing literature 
without any additional peaks associated with other compositions and phases95. The 
Raman measurements were performed on various spots and none of them showed the 
possible existence of a second phase. Another direct evidence for single phase GaTe 
comes from our selected area electron diffraction (SAED) patterns and energy dispersive 
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X-ray spectroscopy (EDS) mapping in large areas on a GaTe flake synthesized on 
sapphire (Figure 4.4d-f). In agreement with our earlier Raman data, the SAED shows the 
flake is pure crystalline GaTe without any second phases. The EDS mapping also 
indicates a uniform distribution of Ga and Te elements. However, the SAED does suggest 
that the flake is poly-crystalline and is composed of two domains with different crystal 
orientations, which will be discussed later with the anisotropy properties. The high 
resolution transmission electron microscopy (HRTEM) image (Figure 4.4d inset) also 
proves the high crystallinity of the GaTe flake. 
 
Figure 4.5 (a) Optical image of two typical GaTe flakes grown on sapphire. (b) PL intensity 
mapping at 1.39 eV and 1.66 eV for the two flakes. (c) AFM images of the two flakes. yellow 
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dashed lines show the position for the 1.39 eV emission. (d) Line scan of the PL spectra taken 
along the white arrow at flake #2 shown in (b). 
To elucidate on the origin of these new PL peaks, we have performed large area 
spatial mapping of the PL spectra on two typical flakes grown on sapphire under 488 nm 
laser excitation with particular focus on the two most prominent PL peaks, namely 1.39 
eV (Xsub) and 1.66 eV (X0). However, similar conclusions can also be drawn for other 
below band gap emission peaks in Figure 4.4b. Overall, PL mapping data shows that 
emission peak position and intensity are relatively non-uniform across the flake as shown 
in Figure 4.5a-b. The X0 emission is observed all across the flake for both flake #1 and 
#2, and is particularly strong at certain boundaries and edges. The Xsub emission line, 
however, is only observed at selected boundaries and edges, as shown in Figure 4.5b-c, 
suggesting spatially localized emission. A line scan of the PL spectra across flake #2 can 
be found in Figure 4.5d, which clearly demonstrates that the Xsub emission is only 
localized at the edges. 
 
Figure 4.6 (a) Temperature dependent PL spectra measured at the spot with 1.39 eV emission. (b) 
PL and photo reflectance spectra measured at the spot with the intermediate band emission at 4 K. 
(c) log-scale plot of the PL spectrum in (b) to show the Xdef. 
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Temperature dependent PL measurements (100-300K) in Figure 4.6a show that 
FWHM of X0 and Xsub both remain fairly sharp at all temperatures (15 and 22 meV, 
respectively). Below 150 K an additional, broad (FWHM~123 meV) peak appears at 1.55 
eV. This peak is also seen at 4K as shown in Figure S6. In contrast to Xsub, this broad 
peak, which thermally quenches above 100K, can be attributed to randomly arranged 
defects with shallow confinement, such as Ga vacancies that have been studied recently96. 
High signal-to-noise photoreflectance (PR) spectra at 4K (Figure 4.6b) show that the 
sharp differential reflectance (dR/R) peak (blue dashed line) matches closely in energy 
with the X0 PL emission line (orange solid) i.e. we do not observe any Stokes shift due to 
localization of Coulomb bound electron-hole pairs (excitons) at this energy. This clearly 
demonstrates that the emission comes from radiative recombination of excitons at the 
direct bandgap around 1.78 eV97, 98. Here, we note that the blue shift of the X0 emission 
from 1.66 eV at room temperature to 1.78 eV at low temperature is simply due to 
increase in optical band gap which can be described by the Varshni Law99, the exciton 
binding energy of around 20 meV (bulk GaTe) is only a small correction97, 98. Similarly, 
Xsub peak position shifts from 1.39 eV at 300K to 1.5 eV at 4K, but the photoreflectance 
spectrum does not display any transition peak at 1.5 eV. The absence of reflectance 
transition proves that the Xsub has a comparably low density of states and oscillator 
strength and is not related to any strong band-to-band transition. We argue that Xsub 
originates from recombination of electron-hole pairs at localized energy levels at 1.39 eV 
(localized emission centers). This can be clearly seen in our power dependent PL studies: 
As shown in Figure 4.7a the Xsub/X0 peak intensity ratio quickly decreases and the Xsub 
peak saturates as the laser power density is increased. This behavior is another indication 
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for a low density of states and suggests recombination of carriers spatially localized at 
defects to be the origin of Xsub.  
 
Figure 4.7 (a) Power dependent PL spectra measured at the spot with the intermediate band 
emission at room temperature. (b) PL spectra of the GaTe flakes excited by different laser 
energies at 4 K. 
Using different laser excitation energies, we provide further evidence that shows that 
Xsub does not come from the band-to-band transition of a second phase but structural 
defects in GaTe. Figure 4.7b shows the PL spectra at excitation energies above the band 
gap (1.96 eV), resonant with the band gap (1.771 eV) and below the band gap (1.621 and 
1.6 eV). Carriers excited resonantly at the band-gap can clearly relax very efficiently 
towards Xsub, which suggest that defects can capture a considerable fraction of the 
generated excitons. As expected from this scenario, we observe that laser excitation 
below the gap results in much lower defect related Xsub emission as the absorption (i.e. 
exciton generation) is strongly diminished. 
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The significance of this Xsub emission can be described as follows: (i) This emission 
is clearly seen at low temperature (4K) and room temperature, suggesting either strong 
confinement at defect sites or the formation of a mid-gap defect band. This looks similar 
to the intermediate band emission found in ZnTe1-xOx100 and CuIn1-xSexS2101 recently, 
which indicates the possibility of below bandgap absorption and intermediate band solar 
cells based on GaTe; (ii) The emission is spectrally very sharp with a FWHM similar to 
the band edge emission X0, which is abnormal for a defect emission. Both observations 
(i) and (ii) are in clear contrast to Xdef, which only appears at low temperature and is 
spectrally broad. Further studies have been planned on determining what kind of defects 
give rise to Xsub exactly. One possibility is O2 adsorption as it has been established by 
DFT calculations that the GaTe-O2 complex can induce intermediate band states in 
GaTe95. 
4.3 Anisotropy of VPT Synthesized GaTe 
As discussed in Chapter 1, monoclinic GaTe has an anisotropic chain structure 
instead of isotropic hexagonal structure. Proved by the TEM study discussed above, The 
synthesized GaTe has a monoclinic phase, which is found to be more stable than the 
hexagonal phase33. Both phases have a layered structure with two Ga atoms sandwiched 
between two Te atoms in each layer. But it is clear that the two structures are quite 
different in the atom arrangements as shown in Figure 4.8a. In the hexagonal phase, each 
Ga atom is bonded to one Ga atom and three Te atoms and vice versa. All the Ga-Ga 
bonds are parallel to each other with an identical bonding length of 2.47 Å. However, in 
the monoclinic phase, every third of the Ga-Ga bonds is twisted and the bonding length is 
not the same for all Ga-Ga bonds. The Ga-Ga bonding length is 2.48 Å for those labeled 
59 
by the red rectangle in Figure 4.8a and 2.46 Å for the rest. As a result, a series of atomic 
chains is formed along the <010> direction. Similar to black phosphorous and ReS2, the 
formation of these atomic chains is expected to give monoclinic GaTe unique in-plane 
anisotropy, which is proved by our angle resolved PL and Raman spectroscopy 
measurements.  
 
Figure 4.8 (a) Schematics of the crystal structure of hexagonal and monoclinic GaTe. (b) Angle 
resolved PL and reflectance intensity of the GaTe flake. The optical (scale bar = 5µm) and 
HRTEM images (scale bar = 2 nm) corresponding to 0o, 90o, 180o and 270o are shown around, 
with red arrows pointing toward the <010> chain direction. The blue spot shows the location 
where the PL and HRTEM are measured. 
Figure 4.8b shows the angle resolved micro-PL (ARMP) and photo reflectance 
spectra of the GaTe flake. The atomic chains along the <010> direction are clearly seen 
in the i-FFT HRTEM image, which is parallel to the edge of the bow-tie shaped GaTe 
flake. The incident laser is polarized along the 0-180o direction and the sample is rotated 
counter-clockwise from 0o to 360o. It can be seen that the angle resolved PL intensity for 
both X0 and Xsub emission show very similar angular dependence with a twofold 
symmetry. They reach their maximum intensities when the <010> chain direction is 
parallel to the laser polarization direction. The maximum PL intensity at 0o is about 5 
times larger than at 90o, indicating strong anisotropy of the optical response of the GaTe 
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flake grown on sapphire. This is confirmed in reflectance measurements, which show a 
minimum along the <010> direction i.e. a maximum in absorbance (assuming negligible 
transmittance change as a function of rotation angle). This indicates that the maximum 
PL intensity along the <010> direction is also caused by maximum absorbance of the 
incident photons, as the emission mechanisms for X0 and Xsub are different. 
 
Figure 4.9 (a-d) Optical image and angle resolved Raman intensity of the 116 cm-1, 164 cm-1 and 
212 cm-1 peaks of the same GaTe flake, with a red spot showing the location where the angle 
resolved Raman spectroscopy is measured. The domain structure is indicated by the rectangles in 
(a). The solid lines in (a) are fitted curves. 
The anisotropic behavior of the monoclinic GaTe flakes is also demonstrated by 
angle resolved micro-Raman (ARMR) spectroscopy, which has been widely used in other 
pseudo one dimensional materials such as ReS222 and TiS394. The measurement is carried 
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out in the same setup as the ARMP experiment. Figure 4.9 shows the angle resolved 
Raman intensity of two Ag modes (116 and 212 cm-1) and one Bg mode (164 cm-1). The 
anisotropy of the two Ag mode both show a twofold symmetry with a period of 180o. The 
116 cm-1 mode exhibits maximum intensities along the <010> chain direction, while the 
212 cm-1 mode is polarized perpendicular to the chain direction. The opposite 
polarization behavior indicates different atomic displacement directions for the two 
modes. On the other hand, the polarization of the 164 cm-1 mode shows a fourfold 
symmetry with a 90o period, and the intensity reaches maximum at 45o, 135o, 225o and 
315o, making a 45o degree with respect to the <010> chain direction. The different 
polarization features for the Ag and Bg modes are consistent with recent reports on GaTe 
anisotropy and can be explained by different symmetries of the Ag and Bg vibration 
modes25. As shown in Figure 4.9a, the GaTe flake is consisted of two domains with 
different crystal orientation and a grain boundary in between. The SAED pattern (Figure 
4.4e) shows that each domain is single crystalline with the <010> chains parallel to the 
edge. Note that the flake in Figure 4.4d is half the shape of a bowtie shaped GaTe flake as 
shown in Figure 4.9a, which is probably due to the damage caused by the sonication 
when preparing the sample. As a result, the whole flake can be divided into 4 domains 
indicated by the rectangles in Figure 4.9a. To further understand the domain structure of 
the bowtie shaped GaTe flake, we have performed ARMR measurements in different 
domains on the bowtie shaped flake. The result shows that the 116 cm-1 mode is always 
polarized along the edge direction, which is the <010> chain direction and agrees with 
the SAED result. The polarization of the 164 cm-1 and 212 cm-1 modes are also consistent 
with the crystal orientation in each domain. Thus, domain 1 and 3 have the same 
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orientation, whereas domain 2 and 4 have the same orientation. The ARMR result further 
confirms that the crystal orientation is along the <010> chain direction at the edge of the 
bow-tie shaped GaTe flake which is consistent with recent work on exfoliated material25. 
4.4 Summary 
This chapter demonstrates the synthesis of anisotropic pseudo-1D monoclinic GaTe 
on various substrates including GaAs (111), Si (111) and c-cut sapphire. GaTe flakes 
grown on sapphire exhibit well defined, narrow, and bright PL emission peaks originating 
from localized emission due to select type of imperfection sites states that appear at 
energies well below the fundamental emission line (optical bandgap). Bright emission 
within the forbidden band is observed for the first time in GaTe and may be the starting 
point for further defect engineering for optoelectronics in PTMCs. Lastly, angle resolved 
PL and Raman studies suggest that the synthesized monoclinic GaTe flakes are also 
highly anisotropic due to its unique crystal structure, which is the first demonstration of 
the anisotropy in vapor phase synthesized pseudo one-dimensional GaTe. 
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CHAPTER 5   SYNTHESIS AND PHASE CROSSOVER IN GaSeTe ALLOYS 
This chapter studies the synthesis and unique phase crossover properties in layer 
structured GaSe1-xTex alloys. Layer structured GaSe1-xTex alloys is synthesized across the 
full composition range and an abnormal band bowing effect induced by hexagonal to 
monoclinic phase crossover is observed. While the GaSe-GaTe equilibrium phase 
diagram suggests that single phase GaSe1-xTex alloys do not exist across the full 
composition range due to the miscibility gaps, our results show that GaAs (111) substrate 
plays an essential role in stabilizing the metastable single-phase alloys within the 
miscibility gaps and enables full composition alloying. As the Te content increases, a 
hexagonal to monoclinic phase transition is observed. Such phase transition features 
isotropic to anisotropic transitions of the optical properties and crystal structures 
characterized by angle resolved Raman spectroscopy and HRTEM. We also found that in 
the phase crossover region (0.56<x<0.67) both phases can coexist, and two different 
bandgap values can be obtained at the same composition, leading to the anomalous band 
bowing effects. 
5.1 Synthesis of GaSe1-xTex Alloys Across the Full Composition 
Compared to the thorough studies carried out on pure GaSe and GaTe compounds, 
the alloy GaSe1-xTex remains highly unexplored. One reason for this is the difficulty of 
synthesizing these alloys. According to the phase diagram of the GaSe-GaTe system as 
shown in Figure 5.1, the solubility of the third element in the matrix is quite low (~10%) 
at room temperature102, so there is no thermodynamically stable single-phase GaSeTe 
alloy across the full compositional range. Moreover, a hexagonal to monoclinic phase 
transition happens as the composition changes from GaSe to GaTe, making it more 
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difficult for stabilizing the single phased GaSeTe alloys. However, this does not mean 
that it is impossible to synthesize these alloys, because they can still exist as a metastable 
phase if correct condition and environment is provided. 
 
Figure 5.1 Phase diagram of the GaSe-GaTe system. (Figure taken from Ref. 102 © 2008 
Pleiades Publishing, Ltd.) 
In this work we overcome this difficulty by using the lattice matched GaAs (111) 
substrate and successfully synthesized GaSe1-xTex alloys in the full composition range. 
The GaSe1-xTex nanostructures were synthesized by VPT method in a single-zone tube 
furnace using GaSe and GaTe powders as the source materials (Figure 5.2). GaSe (60 
mg) and GaTe (20 mg) powders (American Elements) were used as the source materials 
and Ar was used as the carrier gas. Bare GaAs (111) wafers were used as is for growth 
substrates. The GaSe and GaTe powders were loaded in two quartz boats and sent into 
the tube. The GaSe boat was put in the center of the tube and the GaTe boat was located 
upstream from GaSe. The distance between GaTe and GaSe was set in the range of 7-16 
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cm. The substrate was located 15 cm away downstream. The tube was evacuated to 10 
mTorr and then heated from room temperature to 780 oC with a ramping rate of 20 
oC/min. The temperature was kept at 780 oC for 5 min and then cooled down to room 
temperature. The Ar flow rate was set at 50 sccm and the growth pressure was 300 Torr 
for the whole process. 
 
Figure 5.2 Schematic of the VPT growth process of GaSeTe and InGaSe alloys. 
GaAs (111) is chosen as the substrate as it sustains layer-by-layer growth while 
facilitating epitaxial growth of both GaTe and GaSe owing to the close match in surface 
symmetry and the inter atomic distance. The composition of the GaSe1-xTex 
nanostructures is controlled by the evaporation rate of the GaTe and GaSe source. As 
shown in Figure 5.2, the GaTe and GaSe sources are separated by a distance d with GaSe 
kept in the center of the furnace and GaTe toward the upstream direction. The 
evaporation rate of the GaTe source is controlled by positioning it at various temperature 
regions with different distance d from the center. As d decreases, the temperature of the 
GaTe source increases, giving it a higher evaporation rate. At the same time, the GaSe 
source is fixed in the center so the evaporation rate is kept the same. To study the effect 
of d on the composition of the GaSe1-xTex nanostructures, we performed EDS 
measurement on each sample. As shown in Figure 5.3, both Se and Te peaks appear in 
every sample, indicating the formation of GaSe1-xTex alloys. The Te content in the GaSe1-
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xTex nanostructure increases as d decreases, due to the increase of GaTe evaporation rate 
and partial pressure in the growth chamber. 
 
Figure 5.3 EDS spectra of the GaSe1-xTex nanostructures and the calculated composition 
 
Figure 5.4 Optical images of the GaSe1-xTex nanostructures grown at different d between GaTe 
and GaSe source. Corresponding x values are shown on the top left corner of each image. Scale 
bar=5 μm for x=0.28, 0.49 and 0.56; 10 μm for x=0.57 and 0.8. 
Interestingly, the morphology of the GaSe1-xTex nanostructure strongly depends on 
the Te content in GaSe1-xTex. Closely following from Figure 5.4, on the Se-rich side 
where x<0.57, the growth typically yields 2D layered triangles with lateral dimension 
ranging from 1-10 m. This finding agrees well with the prior work on GaSe 
demonstrating hexagonal phase and 3-fold symmetry103, 104. These triangles are grown in-
plane and most of them are aligned along two directions with a 180o angle, indicating the 
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epitaxial growth of the GaSe1-xTex nanostructures on GaAs (111). At the Te-rich side 
with x>0.57, however, morphology changes to involve 1D structures (0.57<x<0.8) which 
become the dominant morphology when x>0.8. The nanoribbons are also grown in-plane 
and well aligned along three directions with an angle of 60o between each other when x is 
0.8. This kind of one dimensional growth is quite similar to our previous study on 
GaTe35, which has a highly anisotropic monoclinic structure that favors to grow along the 
[010] chain/anisotropy direction. The layered structure and growth direction of the 
nanoribbon is confirmed by high resolution TEM image and select area electron 
diffraction (SAED) and taken from a GaSe1-xTex nanoribbon with x=0.63 as shown in 
Figure 5.5. These optical images, geometrical anisotropy, and material morphology itself 
suggests that triangular and 1D-ribbon flakes belong to the three-fold symmetry isotropic 
hexagonal and anisotropic monoclinic phases, respectively, and crossover from 2D to 
1D-like features occurs with increasing Te composition. More direct proofs for phase 
crossover and coexistence of two phases will be discussed within angle resolved Raman 
and PL spectroscopy as well as HRTEM measurements in the next sections. We note that 
bulk crystal growth, synthesis, and characterization of GaSe1-xTex alloys have been 
reported before. In these studies, results have shown that Se-rich (x<0.25) and Te-rich 
(x>0.75) phases can easily be crystallized but any composition between 0.25<x<0.75 
leads back to Se- and Te-rich phases. Our studies demonstrate the very first look at this 
previously unexplored composition region where extremely novel band bowing and 
multi-phase region exist. 
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Figure 5.5 (a) Low magnification TEM image of a GaSe1-xTex nanowire with x=0.63. (b) SAED 
pattern of the nanowire taken from zone axis [102]. (c) HRTEM image of the nanowire with zone 
axis of [102]. 
5.2 Signature of Phase Transition in Raman Spectroscopy 
To study the hexagonal to monoclinic phase transition in the GaSe1-xTex 
nanostructures, we performed detailed Raman and PL studies on these alloys across full 
composition. Fig. 5.5 shows the Raman spectra of GaSe1-xTex with x ranging from 0 to 1. 
The figure is separated into two parts – the upper part with yellow background comes 
from nanoribbons, while the lower part with blue background comes from triangular 
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shaped flakes. At x=0 (pure GaSe), the Raman spectrum contains three peaks at 136 cm-1 
(A1g1 mode), 214 cm-1 (E2g mode) and 308 cm-1 (A1g2 mode). The two peaks at 268 cm-1 
and 294 cm-1 come from the GaAs substrate (Figure 5.6c). For x ranging from 0.28 to 
0.66, the spectra share a similar shape with all three modes of GaSe presenting. A general 
tendency of softening is observed for all three vibration modes as Te content increases 
(Fig. 5.5b), corresponding to larger mass of Te atoms compared to Se. Note that the in-
plane E2g mode becomes rather broad and new peaks around it start to emerge as x 
becomes larger than 0.49. This is probably due to an increase in defect density that leads 
to the breakdown of the selection rule. 
 
Figure 5.6 (a) Raman spectra of GaSe1-xTex nanostructures at different compositions. Monoclinic 
and hexagonal structures are separated by different background colors (b) Peak positions of 
different Raman modes as a function of Te content in GaSe1-xTex. Blue background indicates the 
hexagonal side and yellow background indicates the monoclinic side. (c) Raman spectrum of the 
GaAs (111) substrate showing the transverse optical (TO) mode and the longitudinal optical (LO) 
mode. 
As the morphology of the nanomaterial changes from 2D triangle to 1D nanoribbons, 
a dramatic change in the Raman spectra is observed (Figure 5.6a-b). The change is 
extremely clear when comparing the x=0.56 triangular sample with the x=0.57 
nanoribbon. These two samples have very similar Te content but completely different 
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Raman spectra. First, the A1g1 mode shifts inversely to higher frequencies, and then 
softens as x increases. Second, the GaSe A1g2 mode disappears and a new peak at 276 cm-
1 emerges, corresponding to the Ag mode at 280 cm-1 of pure GaTe. In the monoclinic 
region, the tendency of softening remains for all vibration modes as Te content increases, 
consistent with the trend in the hexagonal region. But the sudden change in the spectra 
characteristics around x=0.6 is a clear sign of hexagonal to monoclinic phase transition. 
Here, sudden Raman spectrum renormalization is associated with large changes in the 
crystal structure and symmetry resulting in largely different phonon vibration modes and 
Raman active modes. Indeed, similar Raman anomalies has been observed in high-
pressure driven (diamond anvil cell measurements) phase transition of traditional material 
systems such as ReS2 105 and Teflon106.  
5.3 The Phase Crossover and Abnormal Band Bowing 
A more exciting effect of the phase transition comes from the bandgap modulation. 
Photoluminescence spectra of GaSe1-xTex measured across the full composition range and 
the corresponding bandgap values are depicted in Figure 5.7, respectively. Here, we note 
that the GaAs substrate luminescence at 1.42 eV (Figure 5.7c) is fitted by 𝐼 =
ඥℎ𝜈 − 𝐸௚exp [−(ℎ𝜈 − 𝐸௚)/𝑘஻𝑇], and the GaSeTe peak is fitted by Gaussian function for 
accurate determination of the Egap values in Figure 5.7b. Similar to Raman spectra, an 
abrupt change in the bandgap is observed as the crystal structure changes from hexagonal 
to monoclinic. Interestingly, when the composition range is between 0.57<x<0.67, two 
different PL peaks, Egap values, and phases are simultaneously observed. We refer to this 
composition range (0.57<x<0.67) as the phase coexistence region. Previously, this kind 
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of phase coexistence behavior has not been observed in any other layered systems or 2D 
materials such as MoxW(1-x)S2, MoS2xSe2(1-x), ReS2xSe2(1-x), and others107, 108, 109.  
 
Figure 5.7 (a) PL spectra of GaSe1-xTex nanostructures at different compositions (b) Bandgap as a 
function of Te content in GaSe1-xTex. (c) PL spectrum of the GaAs (111) substrate. 
Potential explanation for this observation could be that two structural phases have 
rather close formation energies which enables one to attain two phases at a given 
composition. To offer better understanding to coexisting phases, we have performed 
density functional theory calculations within cluster expansion formalism to calculate 
formation energy differences between monoclinic and hexagonal phases at different 
tellurium content. Results (Figure 5.8) shows that initially x=0 (GaSe) and x=1 (GaTe) 
stabilizes in hexagonal and monoclinic phases respectively, consistent with our results. 
However, there exists a range of Te% values where two phases become energetically 
close to each other. For example, when x reaches ~40% two phases become energetically 
degenerate, and thus the two phases can coexist. While theoretically estimated 
composition range (Te~40%) for coexisting region is close to the experimentally 
observed values (~55-65%), the differences can be attributed to a variety of factors such 
as substrate effects, pressure differences (DFT under vacuum vs. experiment under 
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controlled pressure), and inability to account for kinetic / thermodynamic considerations 
with DFT framework. 
 
Figure 5.8 (a) Formation energies of both hexagonal and monoclinic phases of the GaSeTe alloy 
at various compositions. (b) Cluster expansion predictions and DFT calculations of the formation 
energies of GaSeTe alloys at different composition. 
To elaborate the effect of substrates on the phase instability of the GaSeTe 
nanomaterials, we performed similar growth process on different substrates other than 
GaAs (111), including c-cut sapphire and highly oriented pyrolytic graphite (HOPG). The 
growth condition is the same as It can be seen that the phase of the GaSeTe nanomaterials 
strongly depends on the choice of the substrate. On HOPG, all flakes are grown in 
triangle shapes with hexagonal phase; while on sapphire, all flakes are grown in 
nanobelts with monoclinic phase as shown in Figure 5.9. 
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Figure 5.9 Optical images of GaSeTe nanomaterials grown on HOPG (a) and sapphire (b). 
This dramatic difference can be explained by the different surface structure of the 
substrate and different interaction mechanism between the substrate and the GaSeTe 
nanomaterials. The surface of HOPG has a atomic flat hexagonal structure formed by 
carbon atoms arranging in honeycomb shape. As compared to the GaAs (111) surface, 
this structure is more isotropic and more similar to the surface of the hexagonal GaSeTe. 
This enables isotropic propagation of the GaSeTe adatoms on the HOPG surface and 
stabilization of the hexagonal structure of the GaSeTe nanomaterials110. On sapphire, 
most of the GaSeTe flakes are grown out of plane and belong to the monoclinic phase. 
This can be explained by the large lattice mismatch between sapphire and GaSeTe, which 
suppresses in-plane epitaxial growth. As there is no constraining force from the substrate, 
the Te-rich GaSeTe grows in its thermodynamically stable phase which is the monoclinic 
phase. 
We note that the structural phase separation and coexistence observed in GaSeTe is 
different from the compositional phase separation commonly observed in most alloy 
systems where full composition alloy is not allowed. In those systems, the material 
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separates into two compositions where alloying is not allowed. This is also true for bulk 
GaSeTe alloys where compositions of 0.1<x<0.49 and 0.51<x<0.85 is inaccessible due to 
the compositional phase separation as shown in the phase diagram. However, our work 
shows that when GaSeTe is grown on GaAs (111) in 2D form, those forbidden 
compositions become accessible for GaSeTe alloys and completely new phenomena 
emerge - structural phase separation and coexistence at the same composition in a certain 
range. 
It is also noteworthy to mention that the band bowing behavior in GaSe1-xTex (band 
gap variation with respect to alloying percentage) is significantly different from other 2D 
alloy systems owing to the presence of two different competing phases making large 
changes to the electronic band structure. For example, the WS2-2xSe2x system has similar 
bandgaps as GaSe1-xTex at the two ends of x=0 and x=1108. The bandgap changes linearly 
in the WS2-2xSe2x system because the system stays in one phase across full composition 
range, while it deviates from the linear relationship in the GaSeTe system due to the 
unique hexagonal to monoclinic phase transition. On the Se-rich hexagonal side as x goes 
from 0 0.66, the bandgap decreases from 2.01 eV to 1.35 eV, much faster compared to 
WS2-2xSe2x. As x changes from x=1  0.67 (the Te rich side), the band gap increases 
from 1.66 eV to 1.78 eV. In these two regions, the bandgap values for single-phase 
hexagonal (0<x<0.57) and monoclinic (0.67<x<1) shows a linear relationship with 
tellurium content, indicating a small band bowing parameter when the phase remains the 
same. However, in the phase crossover region, the band bowing theory, which relies on 
retaining the phase / crystal structure of semiconductor, can no longer be applied as 
evidenced by the dramatic bandgap change in phase coexistence region. This feature 
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enables wider bandgap tuning range in GaSeTe than WS2-2xSe2x. The two-phase 
coexisting region also allows us to make GaSeTe materials with different bandgaps 
without changing the composition. Using a linear extrapolation of the band gap variation 
across the composition range, we estimate that hexagonal GaTe and monoclinic GaSe 
(both materials have not been demonstrated before) should possess bandgap at 1.03 eV 
and 1.92 eV, respectively.  
5.4 Isotropic to Anisotropic Phase Transition 
Concurrent with abnormal band bowing across hexagonal to monoclinic phase 
transition, synthesized alloys possess unusual isotropic to anisotropic transition. While 
hexagonal GaSe possesses in-plane isotropy like 2D graphene and MoS2, monoclinic 
GaTe is an anisotropic semiconductor in which atoms are arranged such a way that they 
form chains running along one particular lattice direction ([010] b-axis). To study the 
effect of phase transition on the structural properties of the GaSe1-xTex nanostructures, we 
have employed angle resolved Raman spectra at different Te content as shown in Figure 
5.10. Previously, our team and others have successfully utilized angle resolved Raman 
spectroscopy to determine structural anisotropy direction of variety of 2D materials 
including monochalcogenides (GaTe)25, dichalcogenides (ReS2)111, and trichalcogenides 
(MX3 M=Hf, Zr, Ti; X=S, Se)94, 112. In this method, Raman intensity (IR) of optical 
phonon modes involving atomic vibrations (induced polarization Pind) along the chain 
(anisotropy) direction is measured as a function of P with angle (α). When the P direction 
is parallel (perpendicular) to atomic vibrations along (across) chain direction, Pind and IR 
is enhanced (reduced). Polar plots (IR vs α), in return, enable one to determine if material 
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is anisotropic (two-lobed symmetry) and the anisotropy direction (lobe orientation 
direction). 
 
Figure 5.10 Evolution of angle resolved Raman peak intensity of the 128 cm-1 mode as Te content 
decreases. 
In our measurements, we have selected optical mode located at 128 cm-1 that 
involves atomic vibrations along the chain direction for angle resolved Raman 
measurements. Previously, this peak has been successfully used to identify the chain 
direction of m-phase GaTe, and as expected displays a two-fold symmetry with a period 
of 180o (Figure 5.10 x=1)35, 113. Composition variation across x=10 (m-GaTe  h-
GaSe) clearly shows that two-lobed feature turns into more isotropic polar plots in Figure 
5.10. Here, we note that almost identical compositions (x=0.56 and 0.57) crystallize in 
hexagonal and monoclinic phases further proving co-existence of two phases.  
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Figure 5.11 TEM and FFT patterns for GaSe1-xTex with (a) x=0 , (b) 0.28, (c) 0.57, and (d) x=1. 
The zone axis, interplanar distance and angle between planes are indicated in each image. 
The crystal structure of both the hexagonal and monoclinic phases are studied by 
high resolution transmission electron microscope (HRTEM). Figure 5.11 shows the TEM 
images and corresponding fast Fourier transform (FFT) patterns for GaSe1-xTex with x=0, 
0.28, 0.57 and 1. For the Se-rich x=0 and 0.28 samples, a six-fold symmetry is revealed 
with the angles between the (101ത0), (1ത100) and (01ത10) planes all being 120o as shown in 
Figure 5.11a and Figure 5.11b. The interplanar distance for the three planes closely match 
each other with very small difference between the maximum (dmax) and minimum (dmin) 
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measured values (0.04 Å for x=0 and 0.06 Å for x=0.28). These features agree well with 
the characteristics of the hexagonal crystal system. Note that the interplanar distance 
increases as x increases from 0 to 0.28, because of the incorporation of the larger Te 
atoms compared to Se. For the Te-rich x=0.57 and x=1 samples, a completely different 
structure is found as shown in Figure 5.11c and Figure 5.11d. First, the 6-fold symmetry 
is lost and a 2-fold symmetry emerges, with the angles between the (111), (2ത02ത) and 
(11ത1) planes deviate from 120o. Second, the three planes possess different interplanar 
distance, with the dmax-dmin being 0.25 Å for x=0.57 and 0.33 Å for x=1. The interplanar 
distance of the GaTe sample (x=1) agrees well with the data of monoclinic GaTe from 
the ICDD database (PDF card No. 44-1127). These findings confirm the monoclinic 
structure of the x=0.57 and x=1 samples. 
 
Figure 5.12 (a) Optical images of the GaSeTe devices based on the monoclinic (top, scale bar=10 
m) phase and hexagonal (bottom, scale bar=5 m) phase. (b) Angle resolved photocurrent as a 
function of light polarization (E field) direction measured on both devices. (c) Time resolved 
photoresponse of the device based on monoclinic GaSeTe (Vds=-0.2 V). The light polarization is 
alternatively switched between parallel and perpendicular to the b-axis. 
To demonstrate the optoelectronic applications of the unique isotropic to anisotropic 
phase cross over in GaSeTe alloys, photodetectors based on both monoclinic and 
hexagonal GaSeTe alloys are fabricated, as shown in Figure 5.12a. The flake is cleaved 
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from GaSeTe samples grown onto GaAs substrates. Substrates are first indented by 
diamond tips of ~5um in diameter to delaminate samples lightly. Samples are mildly 
sonicated to release GaSeTe sheets that are transferred onto 285nm SiO2/Si substrates 
using a mechanical transfer station. The 5 nm Ti/50 nm Au electrode was deposited onto 
the substrate by standard electron beam lithography. A 488 nm light source at 
2.1mW/cm2 power density is used for the photodetector characterization. 
The phase of the two flakes are identified by Raman measurements based on the 
above discussion. Angle resolved photocurrent is measured as the polarization (E field) 
direction of the incident light is rotated with respect to the b-axis of the crystal. As shown 
in Figure 5.12b, the monoclinic GaSeTe has a clear dichroic response to photons. The 
photocurrent reaches maximum when the light polarization is parallel to the b-axis and 
becomes minimum when it is perpendicular to the b-axis. This is because the optical 
absorption coefficient is larger in the parallel setup than the perpendicular setup35. The 
direction dependent photoresponse is a clear demonstration of the anisotropy of the 
monoclinic GaSeTe. As a distinctive contrast, the hexagonal GaSeTe shows no direction 
dependent properties, owing to its isotropic hexagonal structure and loss of anisotropy. 
To further investigate the dichroic response of the monoclinic GaSeTe, we measured time 
resolved photocurrent change by alternatively switching the light polarization between 
parallel and perpendicular to the b-axis of the crystal. As shown in Figure 5.12c, the 
photocurrent rises rapidly as the polarization becomes parallel to the b-axis and drops 
immediately after turned to the perpendicular direction. The photo-responsivity (R) of the 
m-GaSeTe photodiode was calculated by the formula R=Iph/(P·Aeff). Here, Iph=|Ion-Ioff|, P 
is the incident light power per unit area (488 nm light source at 2.1mW/cm2), Aeff is the 
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effective illumination area (~5 μm2). By calculation, the highest R is ~950 A/W at Vds=-
0.2V when polarization is parallel to the b-axis. In comparison, R drops by 5 times down 
to ~200 A/W at Pb-axis, consistent with our polar photocurrent results. 
5.5 Coexistence of the Hexagonal and Monoclinic Phase in the Crossover Region 
We provide further proof that these vastly different phases coexist simultaneously 
within the same flake in phase separated form. This is in contrast to any other datasets in 
Figure 5.6 where different phases were observed at same compositions but on different 
flakes.  
 
Figure 5.13 (a) Optical image of a GaSe1-xTex flake with both hexagonal (region-I) and 
monoclinic (region-II) phase grown simultaneously. (b) SEM image of the flake with coexisting 
hexagonal and monoclinic phase. The composition measured by EDS for each region is indicated 
by Te% in the figure. (c-d) EDS spectra taken from region I and II indicated in (a) and (b). 
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A closer look at Figure 5.13a demonstrates the presence of triangular and nanoribbon 
features: Despite the dramatic difference in the morphology, both regions have close Te 
content – 68.4% for triangles and 69.4% for the nanoribbons (Figure 5.13b). The EDS 
spectra of the two regions can be found in Figure 5.13c-d. Raman spectrum and angle 
resolved Raman datasets in Figure 5.14 clearly demonstrate phase separated hexagonal 
(region I red) and monoclinic (region II blue) phases. These two phases are clearly 
distinguished by PL spectra as shown in Figure 5.15. The hexagonal region-I has a PL 
peak at 1.34 eV, while the monoclinic region-II shows a peak at 1.74 eV. Both PL 
emission energies fit into the linear bandgap relation vs Te content as discussed in Figure 
5.7b. Note that 1% minuscule composition difference across these two regions leads to 
colossal bandgap renormalization of 0.4 eV. Coexisting phases on the same flake is best 
observed from PL mapping of the 1.74 eV peak intensity in Figure 5.15b.  
 
Figure 5.14 (a) Raman spectra taken at region-I and region-II from Figure 5.13a. (b) Angle 
resolved Raman peak intensity of peak A and B from region-I and II. 
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Figure 5.15 (a) PL spectra taken at region-I and II. GaAs substrate peak is labeled by green 
backgound. (b) PL mapping of the emission intensity at 1.74 eV taken from the area indicated by 
the rectangular in Figure 5.13a. (c) Schematic of the 3D atomic structure of the coexisting 
hexagonal and monoclinic phases. 
PL mapping of 1.74eV peak shows that PL intensity is maximized around needle like 
nanoribbons (Figure 5.15b). Based on this we have constructed 3D view of the coexisting 
phase interfaces / boundaries in Figure 5.15c. It is noteworthy to point out that the PL 
intensity increases suddenly as it goes from region-I to region-II, indicating the interface 
between the two phases is sharp without any gradual transition area. We believe the 
growth procedure for this mixed-phase flake is as follows: the triangle region nucleates 
and grows on the GaAs (111) surface epitaxially first, followed by the growth of the 
nanobelts extending outward. The size of the hexagonal phase is limited due to the strain 
induced by the lattice mismatch between GaSe1-xTex and the GaAs substrate. As the 
hexagonal phase grows larger, it becomes less stable and the LBL growth turns into 
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dendritic growth, transforming the hexagonal phase to monoclinic phase characterized by 
the nanobelt shape in region-II. 
5.6 Summary 
This chapter demonstrates the novel phase crossover and anomalous band bowing 
effects in GaSe1-xTex nanostructures when the composition is continuously varied across 
two completely different materials, namely isotropic hexagonal GaSe (x=0) and 
anisotropic monoclinic GaTe (x=1). While traditional GaSe-GaTe phase diagram alone 
suggests that single phase GaSe1-xTex alloying across the full composition is not possible, 
results herein show that GaAs (111) substrate plays an essential role in stabilizing the 
metastable phases and enable wide composition variation to access previously 
unavailable phase crossover region. The coexistence of the isotropic hexagonal phase and 
the anisotropic monoclinic phase opens opportunities to make GaSeTe nanomaterials 
with different response to polarized light without changing the composition. Our results 
deepen our understanding for the gallium chalcogenide family and provide guidelines for 
tuning material properties through phase engineering.  
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CHAPTER 6   CONCLUSIONS AND OUTLOOK 
5.1 Conclusions 
In this dissertation, I demonstrated the synthesis of layer structured GaSe, GaTe and 
GaSeTe alloys with highly controlled structure, morphology and properties using vapor 
phase transport. In this synthesis process, the substrate is found to play an essential role 
in determining the structure and properties of the final product. In the growth of GaSe, 
the non-uniform lateral tensile strain induced by the substrate reduces the bandgap down 
to 1.7 eV and causes the continuous bandgap variation on a single GaSe flake. In the 
growth of GaTe, the nanowires are found to grow epitaxially along aligned directions on 
GaAs(111) and Si(111) surfaces, but randomly oriented on sapphire due to no direct 
bonding with the substrate. In the growth of GaSeTe alloys, the GaAs(111) substrate 
facilitates the formation of single phased alloys across the full composition despite the 
miscibility gaps in the phase diagram due to the close lattice and symmetry match. 
Furthermore, HOPG and sapphire yield completely different phases and morphologies of 
the product due to the different van der Waals interaction strength between GaSeTe and 
the substrate. These results indicate that the choice of substrate is a critical factor in 
engineering the structure and properties of layer structured gallium chalcogenides. 
Besides the effect of substrates, defects are found to be another important factor in 
manipulating the optical properties of layer structured gallium chalcogenides. In the work 
of GaTe presented in Chapter 4, multiple PL emissions related to defects are observed 
below the bandgap. Due to their origins from different kinds of defects, they exhibit 
different behaviors as a function of temperature and laser power. The peak related to 
bound excitons at localized point defects shows a weak and broad emission, but the one 
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related to edge states and grain boundaries shows a strong and sharp peak. The result 
presented here emphasizes the important effect of various types of defects in 
manipulating the exitonic features in layer structured gallium chalcogenides. 
The different crystal structures between GaSe and GaTe inspired the idea of phase 
engineering in GaSeTe alloys as presented in Chapter 5. As the Te content is increased, a 
hexagonal to monoclinic phase transition and crossover is observed. In the phase 
crossover region, both phases coexist at the same composition but demonstrate 
completely different crystal structures, bandgaps and anisotropic behavior. This unique 
phase crossover results in an abnormal band bowing phenomenon in the GaSeTe alloys, 
leading to a much wider bandgap tuning range than single phased alloys. Results suggest 
that the properties of layer structure gallium chalcogenides can be engineered through the 
phase engineering approach. 
5.2 Outlook 
In the past decade, significant progress has been made in both fundamental science 
and applications of 2D materials. The bulk of this effort has focused on graphene and 
transition metal dichalcogenides, where controlled synthesis and engineering of their 
physical properties have been thoroughly studied. Gallium chalcogenides as an important 
component in the 2D materials family, however, has not been given enough attention and 
remain highly unexplored. The main reason is that unlike TMDCs, gallium chalcogenides 
are indirect bandgap semiconductors in the monolayer form and cannot emit light. 
However, this dissertation demonstrates that these materials exhibit intriguing properties 
that could lead to exciting opportunities and applications even in the few layered or bulk 
form. For example, the non-uniform strain on GaSe grown on Si(111) could form 
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nanoscale localized strain field that traps excitons through the band funneling effect. 
These spatially localized excitons resemble those in quantum dots where quantum 
confinement effect applies and may exhibit unique quantum phenomena such as single 
photon emission.  
Gallium telluride distinguishes itself from GaS and GaSe by its monoclinic structure 
characterized by the well-defined quasi-1D atomic chains that extend along a particular 
lattice direction. Such unique anisotropic crystal structure makes GaTe fall into the “2D 
anisotropic” materials family that includes black phosphorous, ReS2, TaS3 etc. Table 6.1 
lists the mostly studied 2D anisotropic materials. These materials host exciting and highly 
technologically relevant material properties, such as high carrier mobility112, 114, polarized 
light emission/absorption115, 116, 117, thermally conductive pathways118, and novel quantum 
phenomena that lead to degrees of variation in properties along different crystallographic 
orientations. However, most of these exciting properties remain unexplored in GaTe, 
opening up opportunities for future research such as epitaxial growth with controlled 
atomic chain orientation, direction dependent electronic and thermal transport, effect of 
defects on the anisotropic properties etc. 
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Table 6.1 List of commonly found 2D anisotropic materials 
Material class Examples Properties 
Monoatomic BPs, 2D Te, and 2D Se High carrier mobility, polarized excitons 
Monochalcogenides GaTe, SnSe, and GeSe High ZT, polarized excitons 
Dichalcogenides ReS2, ReSe2, MoTe2, WTe2 
Charge density wave (CDW), 
Quantum spin hall, polarized 
excitons 
Trichalcogenides MX3 (M=Hf, Zr, Ti, Nb, Ta and X= S, Se, Te) 
High carrier mobility, 
polarized excitons, CDW 
Others SiP, NbTe4, TaTe4, Nb3S4, ZrTe5, NbI4 
High carrier mobility 
The discovery of hexagonal to monoclinic phase transition and crossover in the 
GaSeTe alloy system is an exclusive finding in the 2D materials family so far. However, 
such phenomenon has the potential to exist in many other 2D alloys with the two 
components being different phases. For example, in the SnSe-SnTe system, SnSe has an 
orthorhombic structure with the space group of Pnma, while SnTe has a FCC phase 
belonging to the Fm-3m space group. Furthermore, SnSe is a narrow bandgap 
semiconductor with a bandgap of 0.52 eV, while SnTe is nearly metallic with a bandgap 
of 0.04 eV. Figure 6.1 shows the phase diagram of the SnSe-SnTe system119, where a 
miscibility gap is found in the middle. However, using the knowledge learned from 
GaSeTe, this gap could be closed if appropriate synthesis method and substrates are used. 
Once the miscibility gap is closed and full composition alloys of SnSeTe are formed, 
orthorhombic to FCC phase transition and crossover could be observed at a certain 
composition. Such transition is a layered to non-layered structural transition and could 
also be semiconductor to metal transition. SnSeTe is not the only promising system that 
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could host such phase crossover, which may also be observed in GeSeTe and SnGeTe 2D 
alloys. 
 
Figure 6.1 Phase diagram of the SnSe-SnTe system. (Figure taken from Ref. 119 © 1992 Elsevier 
B.V.) 
Overall, the work presented in this dissertation opens up opportunities for 
discovering new properties and potential high-performance device applications for layer 
structured gallium chalcogenides and other 2D systems through controlled vapor phase 
synthesis, strain engineering, defect engineering and phase engineering.  
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